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1. INTRODUCTION

A  rainband  is  described  as  an  area  of  enhanced  precipitation  compared  to  its

surroundings, with significantly elongated structure (Markowski and Richardson 2010).

Mesoscale  rainbands  can  greatly  affect  the  intensity,  timing,  and  accumulation  of

precipitation.  Especially  during  the  cold  season  snowfall  associated  with  bands  can

produce  significant  local  snowfall  accumulations.  Although  the  tendency for  heavy

snowfall to occur from snowbands can have dramatic effect on daily life, forecasting

them is not an easy task. The mesoscale nature of precipitation makes their diagnosis

and  prediction  challenging.  Therefore,  understanding  the  dynamics  of  mesoscale

precipitation systems is a key research objective to improve quantitative precipitation

forecasts. 

This study focuses on band development in the occluded region of cyclones. The case

presented  here  investigates  the  structural  and  dynamical  evolution  of  a  heavy

snowstorm with multiple snowbands. On Sunday 23 November 2008, a strong winter

storm  hit  Finland.  A rapidly  deepening  low  pressure  system  reached  south-eastern

Finland in the morning and moved towards the north and west during the day. In the

centre of the low, the pressure dropped exceptionally low, nearly to 950 hPa. Also rare

winter lightning was observed during the storm. The winter storm developed in southern

Europe and approached Finland from the southeast, with meridional largescale flow.

The storm caused heavy snowfall, especially along the southern coast of Finland, with

maximum  snowfall  accumulations  of  over  30  cm  observed  between  0800  Eastern

European time on Sunday 23 Nov and 0700 Eastern European time on Monday 24 Nov.

In Helsinki, the snowdepth of 33 cm was the second largest ever measured in November

(Ilmastokatsaus 11/08).  Corresponding values  of  snowfall over  Central  Finland were

from 6 cm to 30 cm and in Lapland less than 10 cm. The storm produced wind speeds

reaching Finnish storm category (10 minutes mean wind speed was more than 21 ms-1,

http://ilmatieteenlaitos.fi/tuulet). Strong winds  and  heavy  snowfall  caused  power

failures  and  severely hindered  traffic  over  large  areas.  The  cyclone  dissipated  over

southern Finland on Monday, but still  produced heavy snow showers. In places, e.g.

southeast   Finland,  the heaviest  snowfall  occurred during the decaying stage  of  the

cyclone.



1.1 Different types of bands and their locations

Mesoscale  band  formation  in  extratropical  cyclones  has  been  a  research  topic  for

decades. Some of the first observational studies to establish that frontal precipitation is

frequently organized as bands include Harper and Beimers (1958), Kuettner (1959) and

Boucher  and Wexler  (1961).  Houze et  al.  (1976) developed a  general  classification

scheme for rainbands, which remains in use today. Hobbs (1978) developed a schematic

figure (Fig.1) which presented the different types of rainbands classified by Houze et al.

(1976). The band classification by Houze et al. (1976) consists of six types of rainbands:

warm frontal, warm sector, cold frontal-wide, cold frontal-narrow, post-frontal (types 1-

3,  5 in Fig.  1),  and wave-like.  In  addition,  Hobbs (1978) identified pre-frontal  cold

surge bands (4 in Fig.1) as being associated with surges of cold air ahead of the primary

cold front in an occluded cyclone. He placed wave-like band presented in Houze et al.

(1976) classification scheme in this category. In his schematic,  Hobbs (1978) placed

different types of bands relative to surface fronts and the surface cyclone centre.

Markowski and Richardson (2010) present a description of four band types based on

Houze et al. (1978) classification scheme. Narrow cold-frontal rainbands (3b in Fig. 1)

are found along the leading edge of the surface cold frontal zone, at the location of the

wind shift,  and are convective features. They can be very narrow, only 1-2 km wide

with vigorous updrafts at altitudes as low as 1 km. Wide cold-frontal rainbands (3a in

Fig. 1) are stratiform regions of precipitation that are 20-100 km wide. They can be co-

located with the surface cold front, or in the cold air behind. A narrow cold-frontal

rainband can be embedded in the wide cold-frontal band. Their motion is independent of

the motion of the front, instead they move with the wind in the layer they are located in.

Warm-frontal rainbands (1. in Fig. 1) occur within, and above, the warm frontal zone,

on the poleward side of surface warm fronts. Warm-frontal, as well as the wide cold-

frontal, rainbands represent enhancements of stratiform precipitation within the larger-

scale frontal precipitation region. Warm-sector rainbands (2. in Fig. 1) occur ahead of

the surface trough, cold front, or dryline that extends equatorward from the surface low.

Warm-sector rainbands can be either convective or stratiform and often associated with

a cold front aloft or split a front.
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Wang  and  Hobbs  (1983)  investigated  wave-like  rainbands  in  a  case  study  of  an

occluded cyclone. The wave-like rainbands that they studied were located in a region of

potential instability behind the cold front aloft. They discovered that wavelike rainbands

exhibit regular periodic structures, were spaced 5-10 km apart, and were arranged nearly

parallel to the winds at their upper levels. There were also wave-like temperature and

vertical velocity fluctuations in the area of rainbands. Wavelike rainbands can occur in

several other locations relative to the fronts in midlatitude cyclones, eg. in the vicinity

of warm front, located within, or near, the wide cold-frontal rainbands associated with a

cold front,  or  situated in  a  surge  of  cold air  ahead  of  the  primary cold front  in  an

occlusion  as  presented  in  the  Hobbs  (1978)  schematic  (4.  in  Fig.  1).  Post-frontal

rainbands  are located in the convective cloud field behind a frontal cloud shield (Houze

et al., 1976). Hobbs (1978) described them as "a line of convection, which forms in the

cold air mass behind the zone of strong subsidence,  which immediately follows the

passage of the cold front" (5. in Fig. 1). 

                         

Fig. 1. Schematic representation of rainband types observed in cyclones by Hobbs (1978). 4 b.

represents wavelike bands. 

Browning (1986) presented conceptual models of precipitation systems in the context of

warm and cold conveyor belts. In his study, rainbands were divided in two principle

categories; narrow rainbands and wide rainbands. He described narrow rainbands to be
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largely boundary-layer phenomena and noted that the most significant narrow bands are

those that occur in the cold seasons associated with sharp cold fronts, as narrow cold-

frontal rainbands classified by Houze et al. (1976) (3b. In  Fig.  1). In his conceptual

model,  wide  rainbands  are  embedded  in  broad  zones  of  light-to-moderate  rain

associated with the slantwise ascent of the conveyor belt, similar to warm frontal, and

wide cold-frontal rainbands described by Houze et al. (1976) (1. and 3a. In Fig. 1). 

The  Houze  et  al.  (1976)  classification  scheme was  based  on  radar  observations  of

rainfall  patterns  in  eleven  occluded  cyclones.  All  types  of  the  observed  rainbands,

except the wave-like, showed a strong tendency to be parallel to either the warm front or

the cold front of the parent cyclonic storm. Hobbs (1978) noted that the various types of

rainbands listed may not all be present in one cyclone, and they form with different

intensities in different cyclones. This was also noted by Novak et al. (2004). In their

study  cyclones  with  banded  precipitation  exhibited  a  variety  of  band  types,  and  a

particular band type could appear more than once during the cyclone's evolution.

1.2 Mechanisms responsible for banded precipitation

Several mechanisms have been proposed to explain mesoscale precipitation bands, eg.

frontogenesis, boundary layer instabilities, ducted gravity waves, conditional symmetric

instability (CSI), vertical shear instability (Kelvin-Helmholtz instability) (Schultz and

Schumacher  1999). Especially  the  role  of  CSI  has  been  a  subject  of  numerous

observational,  theoretical,  and numerical  studies.  Theoretical  studies (Emanuel 1985,

Thorpe and Emanuel 1985, Xu 1992) have shown that a coupled relationship between

frontogenesis and weak moist symmetrical stability can lead to a banded precipitation.

When  weak  moist  stability  is  present  on  the  warmer  side  of  frontal  boundary,  the

ascending  branch  of  the  cross  frontal  circulation  narrows  and  enhances.  Several

observational studies (eg. Sanders and Bosart 1985, Nicosia and Grumm 1990, Jurewicz

and Evans 2004, Novak et al. 2004, Novak 2009, Novak 2010) have confirmed that

intense precipitation bands require an environment of strong frontogenesis, weak moist

symmetric stability and sufficient moisture.
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1.2.1 Mesoscale instabilities

Mesoscale motions can be driven by a number of instabilities, possibly even acting at

the  same  time.  Table  1  presents  definitions  of  different  types  of  instabilities.

Atmospheric instabilities create potential for rising motions that with sufficient moisture

can  lead  to  condensation  and  precipitation.  Static  (convective,  or  gravitational)

instability  leads  to  vertical  accelerations  away from an  equilibrium position  by the

buoyancy force, when air parcels are perturbed vertically. Equilibrium in this case, is

hydrostatic balance. The release of static instability results in upright convection. Static

instability may provide a mechanism for air parcels to reach the level of free convection

(LFC).  LFC is  the  level  at  which  parcels  of  saturated  air  become warmer than  the

surrounding air and rise freely, which is essential for example in initiation of deep moist

convection. 

Table 1. Definitions of different types of atmospheric instabilities (Northern Hemisphere)  e=
equivalent,  s=  saturation,  g=  geostrophic,  gs=  geostrophic  and  saturated,  Mg=  geostrophic
absolute momentum, x= mean environmental (modified from table 1 in Schultz and Schumacher
1999).
INSTABILITY STATIC SYMMETRIC INERTIAL 

Dry Absolute  (AI) Symmetric (SI) Inertial (II)

d 

d z
0 ∣

d 

d z
∣

Mg

0 ∣
d M g

d x
∣


0

PV g0

d M g

d x
0

g f 0

Conditional Conditional (CI) Conditional symmetric (CSI)

d es

d z
0 ∣

d es

d z
∣

Mg

0 ∣
d M g

d x
∣
es

0

EPV gs0

Potential Potential (PI) Potential symmetric (PSI)

d e

d z
0 ∣

d e

d z
∣
Mg

0 ∣
d M g

d x
∣
e

0

EPV g0

Static  instability  is  divided  in  two  categories:  Dry  absolute  instability,  and  moist

absolute instability, that includes conditional instability (CI), and potential instability
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(PI). Dry absolute instability occurs when mean environmental potential temperature, θ,

decreases with height (∂θ / ∂z < 0). The same condition also applies to parcels in a moist

atmosphere when the relative humidity is less than 100 %. Local saturation is needed

for air parcels to become conditionally or potentially unstable. CI occurs in atmosphere

when the mean saturation equivalent potential temperature, θes, decreases with height

(∂θes /  ∂z  <  0).  The  release  of  CI  requires parcel  saturation  at  the  environmental

temperature of the level  where the convection begins.  In  other  words,  parcels  must

reach the LFC (Holton 2004). 

A layer in which the mean equivalent potential temperature,  θe,  decreases with height

(∂θe / ∂z < 0), is said to be potentially unstable (convectively unstable). For PI to occur,

the  potentially  unstable  layer  must  undergo  a  finite  vertical  displacement  to  reach

saturation and create instability. Release of the instability may result given sufficient

forcing for ascent. CI and PI are equivalent when the atmosphere is saturated (Schultz

and  Schumacher  1999).  The  destabilization  of  layers  through  the  PI  mechanism is

probably  important  in  the  formation  of  mesoscale  rainbands  within  the  broader

precipitation areas of extratropical cyclones, especially when potentially unstable layers

are lifted over a front (Markowski and Richardson 2010).  Inertial instability leads to

horizontal  accelerations  away from an  equilibrium position,  if  parcels  are  perturbed

horizontally.  Equilibrium is  geostrophical  balance;  the  Coriolis  force  and  horizontal

pressure gradient force balancing each other. The condition for inertial instability is that

the  absolute  geostrophic  vorticity  must  be  negative  (  ζg  + f  <  0)  (Markowski  and

Richardson 2010).

Air parcels can be both statically stable to vertical displacements, and inertially stable to

horizontal  displacements,  but  under  certain  conditions  become  unstable  to

displacements  along  a  path  that  is  slanted  for  certain  distributions  of  geostrophic

momentum  and  potential  temperature.  This  type  of  instability  is  called  symmetric

instability. The release of symmetric instability results in what is often called slantwise

convection. Dry symmetric instability depends on θ surfaces being more steeply sloped

than the geostrophic absolute momentum (Mg) surfaces. 
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Geostrophic absolute momentum can de defined as

M g=ug− fy ; (1)

a quantity that is conserved following the motion for a purely zonal geostrophic flow on

an f plane. When an airparcel is displaced in y direction, it reaches its new location with

an M value different  than the  local  Mg.  If  the parcel's zonal  momentum is  smaller

(larger) than the geostrophic value at its new location, acceleration away from (towards)

the initial location will occur.  Parcel displacements must be at an angle between the

slopes  of  the  θ  and  Mg surfaces  in  order  to  release  the  symmetric  instability.  Dry

symmetric  instability can  be  thought  of  either  dry gravitational  instability on  a  Mg

surface (|∂θ / ∂z|Mg < 0) or inertial instability on an isentropic surface (|∂Mg / ∂y|θ < 0).

In order to account for the effects of moist adiabatic ascent in the stability analysis, θ is

replaced with θes for CSI, and θe for potential symmetric instability (PSI). 

Environments favourable for slantwise convection, meaning environments containing

CSI, have strong vertical wind shear, and a deep layer of air that is nearly saturated.

These requirements are often met in frontal zones where the release of CSI may lead to

formation of single or multiple mesoscale precipitation bands. Thermally direct frontal

circulations in response to frontogenesis are suggested  to be a lifting mechanism that

can release CSI when air reaches saturation (Markowski and Richardson 2010). Both

moist upright (CI/PI) and moist slantwise convection (CSI/PSI) require simultaneous

presence of instability,  moisture, and lift.  The absence of one of these ingredients is

sufficient to prevent either type of moist convection. It is important to note that even

though  the  atmosphere  is  stable  to  moist  upright  convection  and  moist  slantwise

convection,  banded  precipitation  can  still  occur  due  to  forced  ascent  (Schultz  and

Schumacher 1999). 

1.2.2 Equivalent potential vorticity

If the large-scale flow is nearly geostrophic and very stable to symmetric instability,

then potential vorticity (PV) is very close to geostrophic potential vorticity (PVg) and

can be used approximately to measure symmetric instability. The difference between PV
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and PVg becomes large when the ageostrophic wind is large, which often is true near

frontal zones (Xu 1992). Geostrophic potential vorticity (PVg)  is expressed as

PV g=−gg⋅∇ p (2)

where ηg is the three-dimensional (x, y, p) geostrophic absolute vorticity g=g f 

and ∇ p is the three-dimensional potential temperature gradient on pressure surface.

Bennetts and Hoskins (1979) first noted the negative wet bulb potential vorticity based

on wet bulb potential temperature, as a required condition for CSI to exist in a statically

stable atmosphere. Later Emanuel (1983) described an equivalent geostrophic potential

vorticity (EPVg) based on equivalent  potential  temperature.  Martin et  al. (1992) and

Moore and Lambert (1993) defined the EPVg as

EPV g=−g g⋅∇ pe (3)

where  ∇pθe is  the  three-dimensional  gradient  of  equivalent  potential  temperature.

According to Schultz and Schumacher (1999) the three-dimensional form of the Mg–θes

relationship for CSI is equivalent to negative saturated equivalent geostrophic potential

vorticity

EPV gs=−gg⋅∇ pes (4)

where  ∇pθes is  the  three-dimensional  gradient  of  saturation  equivalent  potential

temperature on pressure surface. Similarly, the M–θe relationship for PSI is equivalent

to  EPVg.  However,  when assessing CSI/PSI using EPVgs/EPVg caution is  necessary

since regions of moist symmetric instability may coexist with moist static instability.

Solely applying EPVgs/EPVg as a measure for CSI/PSI may lead to identification of

regions of CI/PI. Therefore proper measures for CI, PI and inertial instability should be

applied before assessing CSI and PSI using EPVgs/EPVg.   

8



1.2.3 Frontogenesis

Numerous theoretical and observational studies have established that frontogenesis in

the presence of small moist symmetric stability is the primary forcing mechanism for

mesoscale rainbands (eg. Thorpe and Emanuel 1985, Emanuel 1985, Sanders and Bosart

1985, Reuter and Yau 1990, Moore and Lambert 1993, Xu 1992, Nicosia and Grumm

1999,  Novak  et  al.  2004).  Frontogenesis refers  to  an  increase  in  the  magnitude  of

temperature gradient with time. There are three factors which can affect the temperature

gradient  resulting  during  frontogenesis:  deformation  of  the  wind  field,  tilting,  and

diabatic heating. Changes in the intensity of a front can be presented as (the x axis is set

parallel to the front and the y-axis is perpendicular to the front pointing toward the the

cold air)

 F=
d

dt −∂

∂ y =∂ u

∂ y

∂

∂ x


∂ v

∂ y

∂

∂ y

∂w

∂ y

∂

∂ z
−

∂

∂ y  q

C p T  (5)

where F is the scalar frontogenetical function of the potential temperature gradient. The

two first terms on the rhs of (4) represent deformation of the wind field; horizontal shear

and confluence respectively,  and latter two terms represent tilting and the horizontal

variation  of  diabatic  heating  respectively. There  is  a  significant  contribution  to

frontogenesis from ageostrophic motions, because only ageostrophic motions contribute

to divergence. An increase in temperature gradient disrupts the thermal wind balance,

and in order to restore the thermal wind balance, the atmosphere produces a thermally

direct  ageostrophic  cross-frontal  circulation.  This  thermally  direct  ageostrophic

circulation attempts to weaken the horizontal baroclinity, and increases the vertical wind

shear,  in  an  attempt  to  bring  the  atmosphere  back  in  to  thermal  wind  balance

(Markowski  and  Richardson  2010).  Symmetric  stability determines  the strength  and

width of the ageostrophic frontal circulation. When the symmetric stability is small on

the warm side of the front, thermally direct circulation forced by frontogenesis produces

a strong, narrow and sloping updraft, and when the symmetric stability is larger on the

cold  side  of  the  front,  thermally  direct  circulation  produces  a  weak,  widespread

downdraft,  as  the  Sawyer-Eliassen equation (Sawyer  1956)  describes. For  a  narrow

updraft and a band to occur, symmetric stability need not be negative (Martin 2006).  
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1.3 Band formation in the comma head portion of the cyclones

Recent studies on banded precipitation are now examined, focusing on those with band

formation in the comma head portion of an extratropical cyclone. It has been suggested

that   banded precipitation in the comma head portion of  extratropical  cyclones  is  a

combination of increasing frontogenesis, latent heat release, and diabatically generated

PV anomalies. Latent heat release at fronts creates diabatic PV anomalies, which can

have a significant contribution especially to mid-level frontogenesis.  The most likely

stability state during band formation is either weak conditional stability, or CI (Novak et

al. 2009, 2010). Sanders and Bosart (1985) and Sanders (1986) investigated two major

snowstorms with snowbands occurring in the comma head portion of the cyclone. The

first case had only one major band, and the latter, multiple bands. In both cases strong

frontogenetical forcing, along with weak symmetric stability in the warmer airmass, was

present  during  the  observed  banding.  Three  major  Northeastern  United  States

snowstorms, with extreme snowfall rates from snowbands were studied by Nicosia and

Grumm (1999). Based on the similarities observed in each case, Nicosia and Grumm

(1999) developed a conceptual model of band formation in the comma head portion of

cyclones (Fig. 2). 

Fig. 2. Conceptual model presented by Nicosia and Grumm (1999) representing a developing

extratropical cyclone with components associated with banding. 
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Mesoscale  snowbands  formed  in  close  correlation  with  strong  midlevel  (700  hPa)

frontogenesis,  and a deep layer  of  negative EPVgs north  of  the midlevel  developing

cyclone.  The  reduction  of  EPVgs occurred  on  the  warm  side  of  the  midlevel

frontogenetic region, associated with a midlevel dry tongue, which was overlying a low-

level moist cold conveyor belt, north of the surface cyclone. Mesoscale band formation

and heavy snowfall were most likely due to a release of CSI and, to a lesser extent, CI

when ascending air reached saturation north of the warm front. 

Novak et  al.  (2004) analysed 75 banded cases during five cold seasons,  in order to

establish  a  climatology of  banded  events  in  the  northern  United  States.  A rainband

classification  scheme  was  developed  from  a  subset  of  cases.  This  classification

consisted of single, transitory, narrow cold-frontal and multi banded structures, of which

single-banded  and  transitory events  were  the  most  common.  Transitory bands  were

defined as a structure that meets all respective criteria in a given category, except one.

The  large  number  of  transitory  events  revealed  that  banded  structures  are  often

observed, but quite often the lifetime or the intensity criterion was not met. Single-

banded  events  occurred  predominantly  in  the  comma  head  portion  of  the  surface

cyclone and composites were calculated of them. The results, confirmed with a case

study of  a  representative  single-banded  event,  showed the  development  of  a  closed

midlevel  circulation  associated  with  strong,  deep-layer  frontogenesis  and  weak

conditional stability. 

Moore et al. (2005) examined a case of a long, narrow band of heavy snowfall. They

illustrated processes  contributing to the formation of  an extended narrow band in a

conceptual model (not shown) very similar to one presented by Nicosia and Grumm

(1999). The area of negative EPVg south of the surface cyclone is an area of CI, and the

area north of the surface cyclone indicates a region of CSI,  in the absence of static

instability and if the layer is nearly saturated. The latter area is also near the vertical

superposition  of  the  warm  conveyor  belt  (WCB)  and  the  dry  tongue  jet.  To  the

northwest  of  the  negative  EPVg region,  a  narrow  zone  of  midlevel  frontogenesis

occurred.  The  heavy  snowband  formed  between  the  areas  of  negative  EPVg and

midlevel  frontogenesis.  Novak  et  al.  (2008)  analysed  the  life  cycle  of  an  intense
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mesoscale snowband using high-resolution observations  and model  simulations.  The

study revealed that  band formation was  coincident with  a  sharpening of  a  midlevel

trough and the associated increase in frontogenesis in an environment  of CI and II.

During band maturity, frontogenesis, as well as the conditional instability, continued to

increase.  Band dissipation occurred as  the midlevel  trough became less  defined and

frontogenesis weakened while the conditional stability continued to increase.  The CI

occurred prior to band formation and conditional stability began to grow as the band

formed and CI was released. 

Building on the results of their previous study, Novak et al. (2009) examined the role of

moist processes in regulating the life cycles of mesoscale snowbands within the comma

head section of three cyclones. They found that in each case, the induced flow from

diabatically  created  PV  anomalies  contributed  to  a  majority  of  the  midlevel

frontogenesis,  showing  the  importance  of  latent  heat  release  in  band  evolution.

Simulations showed that diabatic processes associated with the band itself played an

important role in the development and maintenance of the band. Snowband formation

occurred along a mesoscale trough extending poleward  of a midlevel (700 hPa) low.

This  trough  was  associated  with  intense  frontogenetical  forcing  for  ascent.  Weak

conditional stability was present until band formation. With the release of CI, stability

generally increased. Although previous studies have suggested the importance of dry

slots (eg. Nicosia and Grumm 1999, Moore 2005) for the initial stability reduction, in

these cases differential horizontal potential temperature advection in moist southwest

flow ahead of the upper trough was the dominant process to reduce midlevel conditional

stability. 

In order to establish the evolution of a common banded event, and confirm results of

previous  case  studies  (Novak  et  al.  2008,  2009),  Novak  et  al.  (2010)  studied  the

mesoscale forcing and stability evolution in 36 single-banded cases in the comma head

sector of extratropical cyclones. Over half of the banded events (61 %) developed along

the northern portion of a hook shaped potential vorticity anomaly (PV-hook). A  PV-

hook is  described  as  an  isolated  low-latitude  high-PV feature  connected  to  a  high-

latitude high-PV reservoir, which often accompanies deepening cyclones.
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Fig. 3. Schematic of the banded PV hook cyclone (a),(c),(e) plan-view and (b),(d),(f) cross-

sectional evolution. Features shown in plan-view are the upper jet (dashed arrow), the lower

PV anomaly (blue hatched outline), the upper PV anomaly (green hatched outline), the midlevel

trowal axis (grey dashed), the midlevel geopotential height (black), the midlevel frontogenesis

(red shading), and the surface fronts and pressure centers. Cross section end points (“A” and

“B”) are marked. Features shown in cross-sections are frontogenesis (red), isentropes (green

line), upper jet, conditional instability (gray), and representative airstream through the ascent

maximum in the plane of the cross section (arrows). Hydrometeor growth and drift depicted by

snowflake in (d) (not drawn to scale) (Novak et al., 2010).

The evolution of a banded event was very similar compared to previous cases (Novak et

al. 2008, 2009). A few hours prior to band formation, lower tropospheric frontogenesis

nearly doubled, and conditional stability above the frontal region, as well as the mean

stability was reduced. Frontogenesis continued to increase during the band development

and  during  mature  stages.  Mean  stability  started  to  increase  during  band  maturity.

During band dissipation, frontogenesis weakened, and mean stability remained strong.

Conditional stability decrease prior band development was primarily due to differential
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θ advection  in  a  layer  centred  near  500  hPa  ahead  of  the  upper  trough. The band

developed within an area of heavy precipitation, revealing a positive feedback between

latent heat release, frontogenesis, and band formation. The environment during band

formation in most of the cases was, either weakly conditionally stable, or conditionally

unstable. CSI and II were less common. Based on the results of three studies (Novak et

al.  2008,  2009,  2010),  common  banded  cyclone  evolution  is  shown  in  schematic

depiction, with plan- and cross-sectional view (Fig. 3). 

1.4 Multiple rainbands

The formation of multiple rainbands has been studied theoretically by Hoskins et al.

(1984). They investigated whether a large-scale frontogenetical wind field acting on an

initial  temperature field containing parallel  regions of maximum horizontal  gradient,

would produce multiple rainbands. They found that individual frontal upward motion

existed only at low levels and merged into a single cloud mass above. Studies of Thorpe

and Emanuel (1985) and Emanuel (1985) showed using the Sawyer-Eliassen equation

that small stability to slantwise convection in the presence of frontogenesis leads to a

single band of ascent that narrows as the symmetric stability reduces. 

By adding viscous effects to the Sawyer-Eliassen equation Xu (1989a,b) showed that if

the  frontogenetical  forcing  becomes  horizontally  widespread  and  EPVg  is  negative,

multiple  bands  become  embedded  within  a  larger  scale  frontal  circulation.  Similar

results were presented earlier by Knight and Hobbs (1988). In their modelling study

they found a connection between the formation of bands and negative EPVg.  Later Xu

(1992) developed a viscous semi-geostrophic model in combination with the extended

Sawyer-Eliassen equation of Xu (1989a,b) in order to study the formation and evolution

of  frontal  rainbands  in  association  with  the  PVg and  EPVgs anomalies.  Model

simulations showed that the multiple rainbands could only be created internally from a

idealized moist frontal circulation if the EPVgs becomes negative in a moderately deep

(>1-2 km) saturated layer, and a positive feedback between the moist circulation bands

and geostrophic forcing anomalies in association with the generation of PVg anomalies

exists.  Large-scale moist  ascent evolved into finer multiple bands when the positive
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feedback began to generate banded substructures in the forcing and PVg fields. If EPVgs

was positive, multiple rainbands could only be generated externally by pre-existing PVg

or EPVgs anomalies. These bands could be regarded as weak cores of upward motion

embedded  in  large-scale  moist  ascent,  rather  than  separated  by  dry  mesoscale

subsidence areas as in the case of negative EPVgs. 

Based  on  previous  studies  the  formation  of  multiple  bands  depends  on  a  balance

between the horizontal coverage of the frontogenetical  forcing, moisture availability,

and the degree of negative EPV. The observational study of two banded cases (Jurewicz

and Evans 2004) substantiated that the character of banded development is dependent

on  a  particular  balance  of  frontal  scale  forcing,  depth  of  moisture,  and  elevated

instability. 

1.5 The aim of the study

The  purpose  of  this  study  is  to  examine  mesoscale  snowband  formation  during  a

Southern Finland snowstorm using the AROME (Application of Research to Operations

at  Mesoscale)  mesoscale  model  and  ground-based  radar  measurements.  Multiple

snowbands  developed  in  the  comma head  portion of  the  cyclone  during  the  storm.

Although a large number of studies have investigated banded precipitation structures,

the emphasis has been placed on bands occurring along the cold front,  in the warm

sector, or ahead of the warm front. Recently, banded precipitation in the comma head

portion of cyclones has been investigated (eg. Novak et al. 2004, 2009 and 2010), but

these  studies  focused  on  single  banded  events.  Most  of  the  studies  concerning

mesoscale band formation have taken place in the United States, whereas this study

investigates a cyclone in Southern Finland where large-scale dynamical features may

differ. 

This  study  is  divided  in  two  parts.  The  aim  of  the  first  part  is  to  describe  the

characteristics of the snowstorm by identifying different stages of storm evolution, as

well  as  the  small-scale  structure  of  precipitation.  This  is  done  by investigating  the

composite radar data. The aim of the second part is to identify the forcing mechanisms
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which lead  to  the formation of  the  bands  using high resolution  model  output  from

AROME.  Questions  to  be  answered  are:  how  does  the  frontogenesis,  atmospheric

stability,  and  moisture  change  during  banding  and  can  a  high-resolution  model

simulation correctly simulate the structural and dynamical evolution of the cyclone and

precipitation in this case. Finally, the results of this study will be compared to the pre-

existing conceptual models of banded precipitation.    

2. DATA AND METHODS 

2.1 Radar composites

Precipitation structures associated with distinct storm phases were identified by using

radar  data obtained from the Finnish Meteorological  Institute's  (FMI) radar  network

(Fig.  4).  The  radar  network  consists  of  8  C-band  Doppler  radars,  each  having  a

maximum measurement range of 250 km. Radar composites used in this study combine

reflectivity data from the two lowest elevation angles (0.5o and 1.5o), and measurement

differences  between  neighboring  radars  are  smoothed  with  weighted  spatial

interpolation.

Fig.  4.  Finnish  Meteorological  Institute's  radar

network,  locations  of  8  C-band  Doppler  radars

(red dots), 250 km radius (thick black line), 120 km

radius (thin black line).
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Using the lowest  elevation angle of  0.5o,  the beam reaches  a  height  of  500 m at  a

distance of 50 km from the radar, and that of 5 km at the distance of 250 km (Saltikoff

et al. 2010).  Since the altitude of the measurements increases with distance, and the

precipitation near the ground level is the most interesting for the end-user, a correction

for the vertical profile of reflectivity (VPR) is applied. The magnitude of the correction

varies seasonally and with the distance from the nearest radar. In areas of good radar

coverage, the correction seldom exceeds 5 dB (Koistinen et al. 2004). In addition, the

relation of radar reflectivity (Z, mm6 m-3) and the rainfall intensity (R, mm h-1), called

the R(Z) relation, is very different for rain, snow, sleet, graupel, and their mixture, and

varies  spatially  and  temporally.  Because  surface  observations  of  the  actual  form of

precipitation  are  available  with  far  coarser  resolution  than  radar  observations,  an

empirical equation for the probability of water (PW) is needed. PW values range from 0

(snow) to 1 (rain) and the R(Z) relation is selected accordingly. Precipitation near the

ground level is then calculated (Saltikoff et al. 2010).

2.2 AROME mesoscale model 

Model simulations of the 23 November 2008 cyclone were run using the meso-scale

AROME  (Application  of  Research  to  Operations  at  MEsoscale)  model  of  the

HARMONIE forecasting system. The AROME model is a non-hydrostatic limited area

spectral model, of which the dynamical core is based on a two-time level semi-implicit,

semi-Lagrangian  discretization  of  the  fully  compressible  Euler  Equations  system

(Bubvanová  et  al.  1995).  The  present  HARMONIE/AROME  version  (cycle35h1),

implemented at Finnish Meteorological Institute, uses a regular 2.5 km grid on Lambert

projection.  Sixty-five  hybrid  levels  are  used  in  the  vertical,  with  the  maximum

resolution in the boundary layer. The model time step is  60 s.  The lateral  boundary

conditions are provided by ECMWF operational forecasts at 3-h intervals. The lateral

boundary coupling is performed using the Davies method on a relaxation zone (Radnóti

1995).
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2.2.1 Model physics 

The  model  physics  includes  a  mixed  phase  microphysics  sheme,  with  prognostic

treatment of cloud water/ice, rain, snow and graupel.  Explicit cloud microphysics are

computed using the Méso-NH, ICE3 scheme, which computes the evolution of  three

precipitating  species  (rain,  snow,  graupel),  and  two  non-precipitating  species  (ice

crystals, cloud droplets), and water vapor. Turbulence in the planetary  boundary layer is

based on a Turbulent Kinetic Energy (TKE) scheme developed for Méso-NH by Cuxart

et al. 2000, combined with a diagnostic mixing length (Bougeault and Lacarrere 1989).

For surface/atmosphere interactions, an externalized version of the Méso-NH surface

scheme,  called Externalized Surface (SURFEX), has  been implemented in  AROME.

Each AROME grid box is split into four tiles: land, towns, sea, and inland waters ( lakes

and rivers), which have their own parametrization. AROME uses the ECMWF radiation

parametrizations.  Fouquart  and  Bonnel  (1980)  shortwave  radiation  scheme uses  six

spectral bands. Longwave radiation is computed by the Rapid Radiative Transfer Model

(RRTM) code (Mlawer et  al.  1997)  using climatological  distributions  of  ozone and

aerosols. At 2.5 km-resolution deep convection is assumed to be explicitly resolved by

the  model's  dynamics  and  hence  is  not  parametrized.  The  shallow  convection  is

parametrized,  as it  occurs  in smaller scales  than model grid spacing (Pergaud et  al.

2009). 

2.2.2. Model simulation 

The simulation was run using an 1475 km x 2000 km (590 x 800 grid points) domain in

the  east-west  and  north-south  directions,  respectively.  The  model  domain  covered

southern and central Finland, the Gulf of Bothnia, the northern Baltic Sea, and eastern

Europe (Fig. 5).  In this study, the model domain was chosen based on the results of

several  model  runs  of  the  snowstorm  23  November,  done  by  Eerola  (2010).  The

Carpathian  Mountains  were  left  outside  the  model  domain,  and  the  cyclone

development occurred inside the computational area, in order to reduce the effect of

boundaries. Since the development takes place inside the integration area, the updating

frequency of boundaries should not limit the model performance. However, the early
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development took place outside the domain and the information was imported through

the lateral boundaries. In this domain, the strong cross-boundary inflow on the southern

boundary of the domain could not be avoided. Initial upper air conditions for simulation

were interpolated from ECMWF analysis with the exception of cloud hydrometeors and

TKE  which  were  cycled  from previous  6-hour  HARMONIE  forecast.  Surface  data

assimilation  was  used  for  the  initialization,  with  mainly  2-m  temperature  and  2-m

relative humidity observations. The model run of 48 hours was initialized at 0000 UTC

23 November 2008, and ended at 0000 UTC 25 November 2008. The output was with

15 min interval for the first 30 hours and with 60 min interval for the remaining 18

hours. Model fields were interpolated onto 14 pressure levels, with maximum resolution

in boundary layer, and highest pressure level was at 100 hPa. Accumulated precipitation

was  interpolated  to  ground level,  and  simulated  radar  reflectivity was  presented  on

model levels. 

 

Fig. 5. The horizontal domain of AROME model simulation (pink line).

2.3 Calculations of frontogenesis and equivalent potential vorticity

When calculating frontogenesis and equivalent potential vorticity,  the total wind was

used (geostrophic plus ageostrophic). At meso-scales, where the ageostrophic wind can

be significant, the total wind is likely to be more representative than the geostrophic
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wind  in  strong  frontal  zones  and  in  the  sharply  curved  flow  environments.  The

Petterssen (1936) 2-D form of frontogenesis 
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was used to asses frontal forcing for ascent. 

To assess moist symmetric stability, saturation equivalent potential vorticity (EPVs) was

calculated, defined as 

                                     EPV s=−g⋅∇ es
        (7)

where g is gravity,  η is the three-dimensional absolute vorticity vector, and ∇ es is

the three-dimensional gradient of saturation equivalent potential temperature. 

3. SYNOPTIC SCALE OVERVIEW 

The  23  November  2008  cyclone  developed  in  the  Black  Sea  area,  and  approached

Finland  from  the  southeast.  Favourable  conditions  for  cyclones  arriving  from  the

southeast during wintertime are weak westerlies. The cyclone development started three

days earlier. The 300-hPa wind pattern on 20 November at 1800 UTC (Fig. 6a), shows

an upper-tropospheric wave and a jet stream with 90 ms-1 core along a strong baroclinic

zone located  to  the  west  of  a  300-hPa  trough.  A 500-hPa trough  with  several  low

subcenters was present in northern Europe and the North Atlantic at that time (Fig. 7a).

The UK Met Office surface analysis (Fig. 8a) shows an equatorward moving cold front

extending from Iceland to Great Britain, and another cold front due to the strong cold-

air advection on the downstream side of a large ridge over Atlantic Ocean. During the

next two days the 300- and 500-hPa geopotential waves enhanced considerably,  and

extended  to  the  Mediterranean  Sea  allowing  cold  airmasses  to  spread  south.  The

strongest baroclinic zone moved to the south of the 300 and 500-hPa geopotential waves

in  southern  Europe  and  300-hPa  jet  core  propagated  to  the   south  of  the  300-hPa

geopotential wave. 
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  a) 20.11.2008 1800 UTC            b) 23.11.2008 0000 UTC

  c) 23.11.2008 1800 UTC            d) 23.11.2008 2400 UTC  

Fig. 6. GFS analysis of 300 hPa wind (kn) according to colorscale, divergence (white contours

every 10E -9/s) and geopotential (black contours every 16 gpdm) at a) 1800 UTC 20 November

2008, b) 0000 UTC, c) 1800 UTC, and d) 2400 UTC 23 November. 

  a) 20.11.2008 1800 UTC            b) 23.11.2008 0000 UTC

  c) 23.11.2008 1800 UTC            d) 23.11.2008 2400 UTC                 

Fig. 7. 500 hPa geopotential (black contours every 8 gpdm), surface pressure (white contours

every 5 hPa) and relative topography H500-H1000 (gpdm) according to colourscale) at  a)

1800 UTC 20 November, b) 0000 UTC, c) 1800 UTC, and d) 2400 UTC 23 November.  
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      a) 20.11.2008 1800 UTC               b) 21.11.2008 1800 UTC

      c) 22.11.2008 1800 UTC                  d) 23.11.2008 0000 UTC

      e) 23.11.2008 1800 UTC                f) 23.11.2008 2400 UTC   

Fig. 8. UKMet Office surface analysis with isobars (solid contours every 4 hPa) and surface

fronts  at  a)  1800 UTC 20 November  2008,  b)  1800  UTC 21 November,  c)  1800 UTC 22

November, d) 0000 UTC, and e) 1800 UTC 23 November, and f) 0000 UTC 24 November.  

The UK Met Office surface analysis (Fig. 8b) reveals how the combined effect of the

two surface cold fronts led to a development of a sharp shortwave trough in southern

Europe by 1800 UTC 21 November. Fig. 8c shows the situation 24 hours later. The

surface trough has formed a closed circulation, and deepened into a cyclone over eastern

Europe by 1800 UTC on 22 November. Six hours later, at 0000 UTC 23 November

(Figs. 6b and 7b), the upper-tropospheric wind pattern shows that the 70 ms-1  core of a

300-hPa jet was located to the south of a 300-hPa trough, and a jet at 300 hPa was south
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of the 500-hPa trough. Surface cyclogenesis was occurring along a strong baroclinic

zone  in  eastern  Europe  in  a  diffluent  jet  exit  region  of  the  300-hPa  jet.  A closed

circulation extended from the surface to 300 hPa. The surface analysis at 0000 UTC 23

November (Fig. 8d), shows that the surface cyclone had started to occlude to the south

of Finland. A surface warm front extended from eastern Europe to western Russia, and a

surface cold front extended south to the Black Sea. In satellite imagery at 0847 UTC 23

November  (Fig.  9a),  the  cyclone  cloud  pattern,  with  the  two  branches  of  a  warm

conveyor belt, was evident over southern Finland and eastern Europe at that time. At

0600 UTC 23 November (not shown), cyclogenesis continued as the surface, and the

500-hPa  cyclone  centre  moved  north,  and  the  500-hPa  trough  had  become  more

negatively tilted in conjunction with ridge enhancement over northwest Russia. By 1200

UTC 23 November (not shown), the 300-hPa trough axis had become negatively tilted,

and ridge enhancement downstream of 300-hPa trough axis was notable. The 300-hPa

low centre had remained nearly stationary, but the low centres at 500 hPa, and at the

surface had advanced northwards (not shown) relative to the upper-level low indicating

cyclogenesis  as  the  negatively  tilted  low  pressure  system  became  more  vertically

aligned.

Rapid surface cyclogenesis occurred between 0000 UTC and 1200 UTC 23 November

under the left exit region of the 300-hPa jet streak, and north of the 500-hPa low centre.

The surface cyclone deepened quickly from 969 hPa (Fig. 8d) to 955 hPa (not shown),

with deepening rate of 14 hPa/12 h, qualifying as a "bomb" as defined by Sanders and

Gyakum (1980; deepening rate of 12 hPa 12h-1 at 45oN). Especially between 0600 UTC

and 1200 UTC intensification was rapid; the pressure dropped from 965 hPa to 955 hPa

in  the  cyclone  centre.  By  1200  UTC  precipitation  had  spread  over  large  areas  of

southern  Finland.  In  figure  7c,  at  1800 UTC 23  November,  the  low centres  at  the

surface and at 500 hPa had advanced farther north, and were located over the Gulf of

Finland. The surface cyclone (Fig. 8e) continued to deepen, but with a slower deepening

rate, to 952 hPa.Figures 6c and 7c show that the surface low pressure centre had become

nearly vertically aligned with the 500- and 300-hPa low pressure centres limiting further

development. The surface occluded front associated with this system (Fig. 8e) had made

landfall by 1800 UTC 23 November, and by 0600 UTC 24 November it had crossed
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southern and central Finland (not shown). At 1800 UTC 23 November, a large area of

precipitation covered most of southern Finland.  Figures 6d and 7d show that at 0000

UTC 24 November, the low pressure centres at the surface, 500 hPa, and 300 hPa were

still vertically aligned. The low centre at the surface had started to fill (Fig. 8f), with

pressure rising to 954 hPa, and the occluded front extended across southern Finland

from  southwest  to  northeast.  Fig.  9b  shows   satellite  imagery  at  0045  UTC  24

November. A cloud spiral, typical for well developed occlusions, with a pronounced dry

slot wrapping into the centre, was evident over Scandinavia at that time. The occluded

front had passed Finland by 0600 UTC (not shown), and remained over the Gulf of

Bothnia for nearly 12 hours.  Between 0600 UTC and 1800 UTC 24 November,  the

surface low pressure filled very rapidly with a rate of 17 hPa/12 h from 960 hPa to 977

hPa. A closed, vertically aligned circulation still remained until 1800 UTC (not shown)

from the surface to 300 hPa low pressure centres. The occluding cyclone stayed nearly

stationary over southern Finland, and the Gulf of Finland, from 0000 UTC (Fig. 8f)

until about 1200 UTC (not shown). The 23 November cyclone had three warm conveyor

belts (WCB), and two of them were located over Helsinki at 1200 UTC 23 November

between 500-600-hPa (Fig. 10). The warm air and moisture from low latitudes likely

contributed to large snowfall accumulations during the storm.

   

a) 23.11.2008 0847 UTC b) 24.11.2008 0045 UTC 

Fig.  9.  Satellite  images  from  Dundee  Satellite  Receiving  Station  show  the  cyclone  cloud

patterns over northern Europe and Scandinavia (NOAA/AVHRR channel 4 IR) at, a) 0847 UTC

23 November, and b) 0045 UTC 24 November.

24



Fig.  10.  Trajectories  starting  at  1200  UTC  22  November.  WCBs  have  been  identified  as

trajectories that ascent more than 600-hPa in 48 hours (Wernli and Davies 1997). Pressure

along trajectories according to colorscale. The location of WCBs at 23 November 1200 UTC

(grey dots), and the location of Helsinki (yellow cross). The surface pressure field  at 1200 UTC

23 November 2008 (solid contours every 5 hPa). (Image provided by Erica Madonna, ETH,

Institute for Atmospheric and Climate Science, Zurich).

4. OVERVIEW OF PRECIPITATION EVENT REVEALED BY RADAR

Precipitation during the 23 November  snowstorm was associated with a low pressure

system that developed rapidly in eastern Europe, and to the associated occluded front

which moved over Finland. The aim of this chapter is to describe the characteristics of

the snowstorm by identifying different  phases of the storm evolution by using radar

imagery.  The storm was subjectively divided into four phases,  based on the distinct

precipitation patterns and cyclone evolution. During the pre-frontal first phase, a large

area  of  moderate  snowfall  moved  across  southern  and  central  Finland.  During  the

frontal second  phase another large area of snowfall spread over southern and central

Finland. The snowfall area related to the second phase was larger and more intense than

in  the  first  phase.  Bands  of  heavy snowfall  developed  within  these  larger  areas  of

moderate  snowfall.  The  third  and  fourth  phases  differed  from the  first  and  second

phases. The airmass that spread over southern and central Finland after the passage of

the occluded front was drier and precipitation fell mostly from convective cells. During

the postfrontal third phase the surface low pressure centre remained stationary over the

Gulf  of  Finland.  In  the  postfrontal  fourth  phase  the  low pressure  system started  to

advance northwards and later westwards away from Finland. A significant fraction of

25



the precipitation during the third and fourth phases was produced by lake-effect or lake/

gulf-enhanced precipitation. This study is confined to southern and central Finland, and

concentrates on the first and second phases of the storm. 

4.1 Four phases of precipitation and cyclone evolution

4.1.1 Prefrontal phase 1 and frontal phase 2

This section describes the general structure and evolution of the precipitation on the

large-scale. Over the land areas of Finland, precipitation fell in the form of snow. There

were small areas of occasional sleet in places in easternmost Finland. Radar reflectivity,

between 0600 UTC 23 November and 0000 UTC 25 November (Figs. 11 and 12), show

two large areas of moderate to heavy precipitation which approached Finland from the

southeast, moving across southern and central Finland, before dissipating over the Gulf

of  Bothnia.  This  continuous  precipitation  was  followed  by  moderate  and  heavy

convective precipitation. The radar reflectivity at 0600 UTC (Fig. 11a) shows an area of

continuous precipitation approaching Finland from the southeast referred to as phase 1

in  the  radar  imagery.  At  0900  UTC (Fig.  11b),  the  phase  1  precipitation  area  had

reached southeast Finland and was moving northwest. 

Southwest of Finland was a  second precipitation area,  referred to as phase 2, partly

merged with the phase 1 south of Finland. At that time, the occluding surface cyclone

was located in eastern Europe southeast of Finland. Precipitation occurred northwest of

the  surface  cyclone,  ahead  of  the  occluded  front  associated  with  the  system.

Precipitation in the phase 1 may partly be due to another surface occluded front not

associated with the cyclone northwest of it (Figs. 8C-d).  By 1200 UTC (Fig. 11c), the

faster moving phase 2 precipitation had reached southeast Finland, and continued to

merge with the phase 1 precipitation area. The surface cyclone had deepened rapidly,

moved northwards, and was located just southeast of the Gulf of Finland. The surface

occluded front extended from Lake Ladoga to Latvia (not shown). 
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a)23.11.2008 0600 UTC                b) 23.11.2008 0900 UTC

   

 c) 23.11.2008 1200 UTC         d) 23.11.2008 1500 UTC

    

e) 23.11.2008 1800 UTC            f) 23.11.2008 2100 UTC               
Fig. 11. Radar composites over southern, and central Finland on 23 November 2008 at a) 0600 UTC, b)

0900  UTC,  c)  1200  UTC,  d)  1500  UTC,  e)  1800  UTC,  and  f)  2100  UTC.  Precipitation  intensity;

blue=weak, yellow=moderate, pink=heavy. Phases (black line), snowbands and bandgroups (red), and

the surface occluded front (pink in e)(based on UKMet Office surface analysis).
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 a) 24.11.2008 0000 UTC         b) 24.11.2008 0300 UTC

   

c) 24.11.2008 0600 UTC         d) 24.11.2008 1200 UTC

   

e) 24.11.2008 1800 UTC         f) 24.11.2008 2400 UTC  

Fig. 12. Radar composites on 24 November 2008 at a) 0000 UTC, b) 0300 UTC, c) 0600 UTC,

d) 1200 UTC, e) 1800 UTC, and f) 2400 UTC. Shading, and coloured lines as in Fig. 4.1.
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At 1500 UTC (Fig. 11d) the leading edge of the phase 2 precipitation area had reached

the  rear  edge  of   the  phase  1  precipitation  area.By  1800  UTC  (Fig.  11e),  the

precipitation  area  covered  southern  and  central  Finland.  The  elongated  region  of

heaviest snowfall in phase 2 extented from the southwestern coast to Central Finland,

located approximately 100 km ahead of, and parallel to the surface occluded front which

extended from southwest to northeast across the precipitation area in southern Finland.

From 1700 UTC onwards both the phase 1 and phase 2 precipitation dissipated over the

Gulf of Bothnia (Figs. 11e,f and 12a,b). The available moisture from the unfrozen gulf

enhanced snowfall  temporarily before the precipitation areas  dissipated.  The surface

low pressure  centre  was  visible  in  radar  reflectivity (Fig.  12  a-c)  over  the  Gulf  of

Finland.

The phase 1 precipitation area was 160 km wide and oriented northeast-southwest (Fig.

11a-c). The area moved northwest across southern and central Finland at approximately

55  km h-1.  Phase 1 precipitation  was  characterized  by weak  to  moderate  stratiform

precipitation, with embedded narrow bands of heavy precipitation. Phase 2 precipitation

differed from the phase 1 precipitation, not only by the direction of approach, which

was more southerly, but also by the  speed, orientation, and precipitation patterns. The

phase  2 precipitation area  moved faster;  approximately at  a  velocity of  70  km h-1.

Precipitation was  more  intense  and  the  heaviest  precipitation  occurred  in  phase  2.

Precipitation in phase 2 was less organized but still covered a larger area than the phase

1  precipitation.  Snowband  development  during  phase  2  was  diverse.  Bands  that

developed over land were wider and more dis-organised than bands in phase 1. Both the

phase  1  and  phase  2  precipitation  areas  were  orientated  perpendicular  to  their

northwestward movement  direction.   Snowbands in phases  1  and 2 were embedded

among continuous precipitation.

4.1.2 Postfrontal phases 3 and 4

Continuous  precipitation  ahead  of  the  surface  occluded  front  was  followed  by  a

postfrontal,  drier  airmass  which  changed  the  precipitation  type  from  stratiform  to

convective. At 2100 UTC (Fig. 11f) the cyclone centre was approaching Finland from
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south,  and  circular  airflow around it  brought  drier  air  from east.  At  0000 UTC 24

November (Fig. 12a), the weakening surface low pressure centre was located over the

Gulf of Finland. The area of continuous precipitation was dissipating over the Gulf of

Bothnia, just ahead of the surface occluded front. The period during which the centre of

low stayed  nearly  stationary  over  the  Gulf  of  Finland  is  denoted  here  as  phase  3,

extending from about 2300 UTC 23 November to about 1000 UTC 24 November (Figs.

11f and 12a-c), and was characterized by substantial lake-effect, and lake/gulf enhanced

precipitation. Convective precipitation was predominantly organized north of the centre

of  low,  over  the  Gulf  of  Finland,  and  along  the  southern  coast  of  Finland,  and

downstream of Lake Ladoga. Convective cells were partly organized as snowbands of

different lengths.  

During the final phase of storm, denoted as phase 4 (not marked in radar imagery), the

centre of low started to advance north and later west from 1000 UTC 24 November

onwards. The radar reflectivity (Figs. 12d-f) shows the centre of low approaching the

coastline and  moving across southern Finland along the coastline. In this final phase of

the storm, the convective precipitation cells in central Finland had nearly dissipated, and

remaining convective precipitation was organized east/northeast of surface low centre

induced by the moist air stream from the Gulf of Finland. At 0000 UTC 25 November

(Fig.  12f)  the surface low pressure centre was approaching the northern Baltic  Sea.

Convective precipitation continued in southeast  Finland and over the northern Baltic

Sea just southwest of Finland. After moving over the Baltic Sea, the dissipating cyclone

headed south (not shown). 

In summary, during the prefrontal phase 1 and frontal phase 2, widespread generally

continuous precipitation with embedded snowbands fell from 0600 UTC 23 November

onwards,  until  around 2300 UTC 23 November  over  southern  and  Central  Finland.

Precipitation occurred northwest of the surface cyclone. During postfrontal phase 3 and

4,  convective precipitation and snowbands were  orientated parallel  to cyclonic flow

around the cyclone centre. 
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In addition to the cyclone related precipitation, there was notable convection over the

Gulfs of Bothnia and Finland, which also contributed to the large snowfall  amounts

observed. Starting from 1230 UTC 23 November onwards, the radar reflectivity showed

limited area of convection over the Gulf of Bothnia. In figure 11d, an area of convection

is visible over the narrowest part of the Gulf of Bothnia. Convection at this location

continued  until  the  phase  1  precipitation  area  arrived  (Fig.  11e).  Convection

redeveloped after the surface occluded front and the associated phase 2 precipitation had

passed  by  1800  UTC  24  November  (Fig.  12e)  and  continued  until  25  November.

Convection  in  this  area  led  to  light,  and  moderate  snowfall.  Another  location  that

experienced moderate and heavy snowfall from convective cells was near Åland. Radar

reflectivity at 1500 UTC (Fig. 11d) shows the beginning of convection between Åland

and Sweden. Convection enhanced as the phase 1 precipitation area approached, and

continued simultanuously with phase 1 and phase 2 precipitation. After the continuous

precipitation of phase 1 and phase 2 had dissipated,  convection was visible in radar

reflectivity (Fig. 12a-f), and continued until 25 November (not shown). Convection in

both locations was likely caused by lake-effect snow when cold air moved over warm

water surfaces. 

4.2 Precipitation bands observed by radar 

The small-scale precipitation structures, such as bands, were analysed in a qualitative

manner using the radar observations, one phase at a time. The analysis includes lifetime,

length, width, orientation, and direction of movement of the bands. In figures of radar

reflectivity  observed  snowbands  and  band  groups  are  marked  with  red/pink  line  or

circle. Observed snowbands and band groups are listed in Table 2 (see attachments).

4.2.1 Observed snowbands in prefrontal phase 1 

During phase 1, narrow bands of heavy precipitation developed embedded in moderate

precipitation.  The  snowbands  were  long  and  narrow,  orientated  northeast-southwest

perpendicular to their  northwestward movement direction, and most of them existed

approximately for an hour. During the period 0600-1200 UTC, four snowbands, labelled
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as Group A (Table 2), developed within the phase 1 precipitation area. The northeast-

southwest orientated snowbands emerged and dissipated perpendicular to the northwest

movement direction. Radar reflectivity at 0600 UTC (Fig. 11a), shows the first of four

snowbands (Band 1). Band 1 developed in the middle of phase 1 precipitation area, as

well  as  Band 3 an  hour later  (not  shown).  The orographic  lift  due  to  Salpausselkä

terminal morains possibly enhanced precipitation and band development at the rear edge

of the phase 1 precipitation area between 1000 UTC and 1200 UTC, and enabled the

development of Bands 4 and 5 (not shown). Terminal morains are elongated, northeast-

southwest orientated chains of hills in southeast Finland. Snowbands in Group A were

rather  long-lived,  they  all  existed  for  about  an  hour.  The  width  of  the  bands  was

approximately 10-20 km, and  lengths varied from 150 km to 400 km. Weak reflectivity

features labelled as Group C (Fig. 11b-c, Table 2) west of the phase 1 precipitation area,

were possibly due to the occluded front not associated with the cyclone. These poorly

organized bands moved west, and had varying lengths and widths. Radar reflectivity at

1500 UTC (Fig. 11d), shows a narrow band labelled as Band 9 (Table 2), at the forefront

of  the  phase  1  precipitation  area.  During  the  next  2  hours,  the  length  of  Band  9

increased to 350 km and moved over the Gulf of Bothnia were it dissipated (Fig. 11e). 

4.2.2 Observed snowbands in frontal phase 2

Snowband  development  during  phase  2   was  more  diverse  than  during  phase  1.

Orientations  and  movement  directions  of  the  bands  varied,  as  well  as  the  lengths,

widths, and lifetimes. Before the phase 2 precipitation area reached Finland, bands of

high reflectivities,  Group B (Fig. 11b, Table 2), emerged at the forefront of phase 2

southeast of Finland from 0945 UTC onwards. These arc-shaped reflectivity features

moved northwest  at  approximately 80-90 km h-1 and kept  their  shape.  They moved

faster than the precipitation area that they were embedded in, and were approximately

100 km long and spaced 15-20 km apart.  Gravity waves could explain these features.

Ducted gravity waves can produce bands of enhanced precipitation within larger-scale

precipitation. In such cases, the necessary ducting mechanism and flow imbalance are

provided by a front and by an upper-level jet streak (Uccellini and Koch 1987). In this

case reflectivity features emerged ahead of the surface front, which could have provided
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low-level inversion as a ducting mechanism. An upper-level jet streak was also located

over  the  area.  Reflectivity  features  emerged  downstream  of  the  jet  core,  which  is

believed to be the preferred condition to create unbalanced flow. 

The most substantial snowband of the storm developed when the phase 1 and phase 2

precipitation areas merged. Fig. 11D (1500 UTC) shows a long, slightly curved, and

very  long-lived  snowband  (Band  7,  Table  2)  extended  across  southern  and  central

Finland. The width of the band was 20-40 km, the maximum length was approximately

800 km, and the band was orientated northeast-southwest. Band 7 was located at the

forefront of phase 2, and moved northwest leading the precipitation area. Band 7 existed

for over 9 hours producing heavy snowfall, until it dissipated over the Gulf of Bothnia

(Figs. 11d-f). Band 8 (Fig. 11d, Table 2), a curved, short band, extended south from the

phase 2 precipitation area. Band 8 was short-lived, only existing for about 30 minutes.

At 2100 UTC Band 16, a very long convective band, was located over the southern Gulf

of Bothnia (Fig. 11f, Table 2). This band of heavily precipitating convective cells was

rather stationary and lasted for about 1,5 hours. The maximum length of Band 16 was

about 500 km. Another very long band, Band 17 (Fig. 11f, Table 2) developed when two

separate bands merged at the rear edge of the phase 2 precipitation area. The maximum

length of Band 17 was approximately 800 km, and the width varied from 10 km to 40

km. Band 17 was located just ahead of the surface occluded front, and it existed for 3

hours before it dissipated over the Gulf of Bothnia. Band 20 (Fig. 12a, Table 2), south of

the phase 2, was not embedded in the stratiform precipitation area and was orientated

parallel to the wind direction around the centre of low unlike bands embedded in phase

2, which were orientated perpendicular to their direction of movement. Band 20 was

long-lived and stayed nearly stationary for over 3 hours. The length of the band varied,

and it produced only moderate precipitation. 

4.2.3 Observed snowbands in phases 3 and 4

In phase 3 moisture from the the unfrozen lakes and from the Gulf of Finland enabled

the  development  of  convective  precipitation.  Most  of  the  convective  snowbands  in

phase 3 were organized parallel to the flow from east to west, and many of them were
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stationary  and  long-lived.  Radar  reflectivity  (Fig.  11f)  shows  a  long,  northeast-

southwest orientated band of large convective cells, Band 18 (Table 2), stretching over

southeast  Finland.  Individual  precipitation  cells  in  Band  18  were  parallel  to  the

westward flow direction. Band 18 was approximately 400 km long and moved west, it

was  short-lived,  only existing  for  45  minutes  before  the  convective  cells  lost  their

banded structure. Cyclonic airflow around the centre of low, which was located over the

Gulf  of  Finland  (Fig.  12a-c),  was  laden  with  moisture  from  the  Gulf  resulting  in

precipitation especially north of the low centre. Several convective bands; denoted as

Group E (Table 2), were visible around the centre of low during the phase 3. The largest

band in this group (Fig.12a) developed near the southern coastline, north of the low

centre,  and  was  most  likely  induced  due  to  coastal  convergence.  The  band  was

stationary and existed for nearly 2 hours (2245-0030 UTC). Other convective bands in

Group E were weaker, shorter and located over the Gulf of Finland (Fig. 12b,c). Radar

reflectivity (Fig. 12a,b) show three convective snowbands west of Lake Ladoga, Bands

19, 22 and 23 (Table 2). Easterly airflow laden with moisture from the lake induced

banded  convection  downstream  of  the  lake.  All  three  bands  were  stationary  and

orientated parallel to the wind direction. Band 19 (Fig. 12a) and the subsequent Band 22

(Fig. 12b) both stretched across central Finland, and were approximately 500 km long.

Band 19 existed for over an hour (2315-0030 UTC), before the convective cells scattered.

The convective cells reorganized into a slightly differently orientated Band 22 by 0130

UTC 24 November, which existed for 4 hours. The third band, Band 23, (Fig. 12a,b)

originating from Lake Ladoga was much shorter, yet longer-lived, existing for 5 hours.

Unfrozen lakes that are smaller than Lake Ladoga also induced convective precipitation,

for example, westward moving Group F (Fig. 12c, Table 2) in central Finland. Group F

consists of very short and narrow bands that emerged in eastern Finland, south of the

stratiform precipitation area in Lapland. This poorly organized group of bands existed

for over 10 hours, and moved west across Finland during that time. Individual bands in

this group were parallel to cyclonic flow around the centre of low, and their orientation

changed as they advanced across Finland. Band 24 (Fig.  12b,c,  Table 2),  located in

Estonia  stretching from the  western  coast  inland  was  parallel  to  the  westerly  wind

direction. 
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During the last phase, phase 4, convective snowbands were still organized parallel to

wind  direction.  The  lake-induced  precipitation  in  eastern  Finland  weakened

considerably in phase 4. The majority of convective precipitation cells were organized

elliptically around the cyclone centre, especially near the southeast coast of Finland,

induced by the moist maritime air stream from the Gulf of Finland into land.  

4.3 Observed accumulative precipitation

The storm caused heavy snowfall in southern Finland, especially along the southern

coast,  with  maximum  snowfall  accumulations  greater  than  30  cm.  Most  of  the

precipitation fell during the day of 23 November, and was in the form of snow. During

the 24-h period ending at 0600 UTC 24 November (Fig. 13a), the phase 1 and phase 2

precipitation areas moved across Finland and dissipated over the Gulf of Bothnia. The

largest  values  of  accumulated  precipitation  with  local  maximums  were  located  in

southern Finland, in a wide band across central Finland, and in a broken band stretching

north-south along the Gulf of Bothnia. Within these areas, accumulated precipitation

was 10-15 mm, with local maximums between 15-20 mm. An embedded maximum of

accumulated precipitation of 25-50 mm, was located over the Gulf of Finland, and along

the southern coast. The wide band with large values of accumulated precipitation across

central Finland can be explained with the help of figures 11f and 12a-c. Although dry

postfrontal air had spread over southern Finland after the passage of phase 1 and phase

2, there was still a large area of continuous precipitation present in central Finland at

0600 UTC 24 November. Local maximums of accumulated precipitation over the Gulf

of  Bothnia  and  northern  Baltic  Sea  are  due  to  the  phase  1  and  phase  2  stationary

dissipation  over  these  locations  (Figs.  11e,f  and  12a,b).  In  addition,  significant

convection occurred in these regions during the particular 24-h period, which partly

contributed to the large values of accumulative precipitation (Figs. 11d and 12b,c).  In

southern  Finland,  large  values  of  accumulated  precipitation,  and  an  embedded

maximum over the Gulf of Finland, are consistent with the locations of the heaviest

precipitation during phase 1 and phase 2 (Fig. 11a-d). The location of the embedded

maximum is also consistent  with the convective precipitation around the low centre
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during phase 3.  During the next 24-h period, ending 0600 UTC 25 November (Fig.

11b), the weakening  cyclone remained over the Gulf of Finland until it  moved west

across southern Finland.

   

   a) 23.11.2008 2400 UTC -24 h   b) 24.11.2008 2400 UTC -24 h
    
Fig. 13. (a) Observed liquid equivalent precipitation during the 24-h period (shaded

according to scale starting at 0.1mm, maximum value 100 mm) a) ending 0600 UTC 24

November, and b) ending 0600 UTC 25 November.  

The values of accumulated liquid equivalent  precipitation were considerably smaller

than  during  the  previous  24-h  period.  The  largest  values  were  located  in  southeast

Finland, especially near the coast, and over the northern Baltic Sea. The elliptical shape

of the system, and regions of large values of accumulated precipitation are consistent

with the regions that experienced heavy convective precipitation during phase 4, starting

about at 1000 UTC 24 November (Fig. 12d-f). Since autumn 2008 was mild, the Gulfs

of Bothnia and Finland, and large lakes in central Finland were still unfrozen at the end

of November 2008, with the exception of the northernmost part of the Gulf of Bothnia.

Unfrozen waters provided moisture for local heavy snowfall.  
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5. AROME RESULTS

5.1 Synoptic-scale evolution in the AROME model simulation

The single AROME forecast from 0000 UTC on 23 November 2008 was validated by

comparing its upper level predictions to the GFS and surface to the UK Met Office

analyses. The reason for this was that the upper air analysis was not available from the

UK Met Office. The AROME 300-hPa geopotential height and wind pattern (Fig. 14)

strongly resembles the GFS analysis of 300-hPa wind, and geopotential height during

23 November (Fig. 6b-d). Although AROME exhibited nearly identical positions of the

upper-level trough, and the 300-hPa jet, the jet was approximately 5ms-1 too weak. The

strength of the simulated 300-hPa trough was consistent with the GFS analysis but the

position of the 300-hPa low pressure centre was 50-100 km farther south than in the

GFS analyses. A similar error in the location of the low pressure centre also occurred at

500-hPa. The simulated 500-hPa low was located approximately 100 km farther south

than  500-hPa  low in  GFS  analysis  and  was  underpredicted  by 30  to  90  gpm  (not

shown). The evolution and movement of the simulated surface cyclone was compared

with the UK Met Office surface analysis and the GFS analysis. During the first 12 hours

of the simulation, the AROME surface cyclone track was nearly identical to the surface

cyclone track based on the UK Met Office and GFS analyses (Fig. 15). At 1800 UTC,

the simulated surface cyclone was located farther southwest than the UK Met Office

and GFS analysed cyclone centres, and stayed stationary until 0000 UTC 24 November.

The  UK  Met  Office  analysed  surface  cyclone  advanced  northwest  faster  than  the

simulated and GFS analysed surface cyclones and was located just south of Gulf of

Finland  between  0000-0600  UTC  24  November.  Although  the  analysed  and  the

simulated surface cyclones followed different tracks, by 1200 UTC 24 November all

were located over the Gulf of Finland. Despite of the differences, mostly towards the

end of the studied period, the simulated surface cyclone track resembled the tracks of

analysed surface cyclones. The movement of  the analysed surface cyclones was rapid

during  the  first  12  hours  and  slowed down  as  the  cyclone  approached  the  Gulf  of

Finland. Similar development was also evident in the simulation.
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  a) 23.11.2008 0015 UTC  b) 23.11.2008 1200 UTC

 

  c) 23.11.2008 1800 UTC  d) 23.11.2008 2400 UTC

Fig. 14. AROME simulated 300-hPa wind (ms-1) according to the colorscale (same as in GFS

analysis) and geopotential (black contours every 160 gpm) a) at 0015 UTC, b) at 1200 UTC c)

1800 UTC, and d) 2400 UTC 23 November (scale same as in GFS analysis Fig 3.1).

The UK Met Office analysis showed more rapid  development in the surface cyclone

central pressure than the GFS analysis, and the AROME simulation (Fig. 16). The UK

Met Office analysed surface cyclone continued to deepen until 1800 UTC 23 November

to 952 hPa, which was also the lowest observed surface pressure. GFS analysed surface

cyclone  reached  the lowest  surface  central  pressure  (960  hPa) by 1200 UTC at  23

November. The simulated  surface cyclone reached the lowest surface central pressure

(960 hPa) at  0830 UTC 23 November.  The UK Met Office analysed and simulated

surface cyclones both started to fill after 1800 UTC 23 November with similar rates 25
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hPa/24 h and 24 hPa/24 h respectively. GFS analysed surface cyclone started to fill after

2400UTC with a rate 30 hPa/24 h. Nearly throughout the simulation, AROME showed

3-12 hPa underprediction of surface central pressure compared to the UK Met Office

analysis,  which was closer to the observed development than GFS analysis.  Overall

AROME did reasonably well at simulating the dynamical evolution and movement of

the cyclone despite of the 3-12 hPa underprediction in cyclone intensity compared to

UKMet Office analysis and southward displacement of the cyclone at all viewed levels.

            

Fig. 15. Surface cyclone tracks during 48 hour period starting at 0000 UTC 23 November 2008.

UKMet Office analysis (blue), GFS analysis (red), and AROME (green). 

Fig.  16.  Minimum  surface  pressure  during  the  48  hour  period  starting  at  0000UTC  23

November 2008 and ending at 2400 UTC 24 November 2008. UKMet Office analysis (blue),

GFS analysis (red), and AROME (green). 
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5.2 Upper-level winds, potential vorticity and fronts

The development  of  the AROME simulated  occlusion was  accompanied  by a  hook

shaped upper-level PV anomaly (Fig. 17b), called the PV-hook with maximum values of

5-6 PVU (potential vorticity unit, 1 PVU = 10-6 m2 K kg-1 s-1) . 

  
   a) 23.11.2008 1200 UTC  b) 23.11.2008 1200 UTC

  
c) 23.11.2008 1200 UTC  d) 23.11.2008 1200 UTC

Fig. 17. AROME surface pressure (black contours every 4 hPa), and a) 300 hPa wind (ms-1,

colorscale, and windbarbs, b) 400 hPa PV (PVU, colorscale), wind (pink contours every 10 ms-

1 starting at 30 ms-1), and windbarbs, c) 700 hPa PV (PVU, colorscale), 700 hPa geopotential

height (red contours every 30 m), and windbarbs, and d) potential temperature (K, colorscale),

and 700 hPa geopotential height (red contours every 30 m) at 1200 UTC 23 November.

The upper-level PV-hook was accompanied with an upper-level jet stream (Fig. 20a,b)

located northeast of it. The maximum upper-level PV values were located southwest of

a surface cold front and atop of a cold air column, whereas small and slightly negative
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PV anomaly values were coincident with a surface warm front and a warm sector (Fig.

17d). At mid-levels (700 hPa) a closed circulation was present southwest of the surface

low and north of it a mid-level trough extended across Finland from south to north (Fig.

17c). A hook-shaped PV anomaly was also found at mid-levels at 700 hPa (Fig. 17c)

coincident with the forward sloping warm front at 700 hPa (not shown), a mid-level

trough (Fig. 17c), and a saturated area associated with the warm front and warm sector

(not shown). 

5.3 Radar reflectivity and precipitation in AROME

5.3.1 Simulated radar reflectivity

The simulated radar reflectivity was calculated using 

                                dBZ=10 log10 200 R
1.6
                                                   (8)

where R is  the precipitation rate in mm h-1  from the AROME output. However,  the

simulated  radar  reflectivity  does  not  correspond  exactly  to  the  observed  radar

reflectivity.  The observed radar reflectivity is a composite of measurements from the

two lowest elevation angles, corrected, and plotted to 500 m, whereas the simulated

radar reflectivity data is at model level 52, which corresponds approximately an altitude

of 500 m. Also,  AROME may underestimate the reflectivity due to snow, since the

parametrization  was  developed  in  France,  where  reflectivity  due  to  snow  is  less

important than in Finland. Also, even very small precipitation rates in AROME output

will give dBZ values and due to computer round off errors, it is very unlikely that R=0

anywhere.  At synoptic  scales,  the AROME simulation succeeded reasonably well  in

reproducing the general features found in the observed radar reflectivity (e.g. Fig. 18

compared to Figs. 11 and 12). Since the simulated surface cyclone remained farther

south  than  the  observed  and  was  underpredicted,  the  radar  reflectivity  features

associated with the cyclone were also displaced to the south. Although it was possible to

distinguish the different phases of precipitation in the simulated radar reflectivity, there

were differences between the simulation and observations. 
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Fig. 18. The AROME radar reflectivity at model level 52 (approximately an altitude of 500 m)

shaded according to colorscale starting at -6 dBZ, and surface pressure (black line every 4

hPa) on 23 November 2008 at a) 0600 UTC, b) 0900 UTC, c) 1200 UTC, d) 1500 UTC, e) 2100

UTC, and f) 2400 UTC. The colorscale is equivalent to colorscale in radar composites (Figs 4.1

and 4.2) if the precipitation is snow. Phases 1, 2, and 3 are marked in images.
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A closer look at the AROME output also revealed that the intensity of the simulated

radar  reflectivity  was  weaker  than  observed,  possibly  caused  by  AROME's

underprediction of the cyclone intensity and southward displacement of the cyclone and

the above mentioned reasons why the simulated radar reflectivity is not exactly what the

radar  sees.  There was a consistent  underprediction of 12-16 dBZ in simulated radar

reflectivity compared to observed radar reflectivity, which may be at least partly due to

the AROME's underestimation of reflectivity due to snow. 

Phase 1 can be distinguished in the simulated radar reflectivity field as an elongated

region of green and yellow colors in radar reflectivity (Fig. 18). In the simulated radar

reflectivity phase 2 can be distinguished as a scattered area of higher reflectivity, located

east of the phase 1 area (Fig. 18b-f). 

5.3.2 Precipitation intensity and band formation in AROME

In  the AROME output,  the accumulated  water-equivalent  precipitation is  in  kg m-2,

which is equivalent to mm when the density of rain water is 1000 kg m-3. Maximum

values of the simulated 1-h accumulated precipitation in Finland were 5 kg m-2 h-1 (5

mm h-1) and occasionally above that in limited regions. The simulated precipitation in

phase 1 (annotated as “1” in Fig. 19), which occurred ahead of the surface warm front

(Fig.  17),  was weak in  the AROME simulation and formed later  than observed but

resembled the observed relatively narrow precipitation area in phase 1. The simulated

phase 2 precipitation occurred in the vicinity of the surface warm front and in the warm

sector (Fig. 17). 

The heaviest observed precipitation occurred during phase 2, which was evident also in

AROME output (phase 2 is annotated as “2” in Fig. 19). The phase 1 precipitation in the

AROME output reached the Gulf of Bothnia consistent with the observed evolution but

the  phase  2  precipitation  did  not,  and  instead  began  to  weaken  and  dissipate  over

western  Finland.  The  postfrontal  phase  3  precipitation  occurred  behind  the  surface

occluded front (Figs.  17 and 20).  During the observed phase 3,  the surface cyclone

remained stationary over  the Gulf  of  Finland,  and the majority of  precipitation was
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convective, except for the dissipating phase 2 precipitation over the Gulf of Bothnia. In

the AROME output the evolution of precipitation during phase 3 was consistent with

observations. 

  a) 23.11.2008 0500 -0600 UTC  b) 23.11.2008 1100-1200 UTC

  c) 23.11.2008 1500-1600 UTC  d) 23.11.2008 2300-2400 UTC

Fig. 19. AROME output of accumulated precipitation (rain, graupel, snow) during 1-h period

(colourscale, kg m-2 h-1 which is equivalent to mm h-1), and surface pressure (black contours,

every 4 hPa) on 23 November, ending at a) 0600 UTC, b) 1200 UTC, c) 1600 UTC, and d) 2400

UTC. 

The influence of Lake Ladoga was visible, consistent with observations; small regions

of  precipitation were located downstream of Lake Ladoga. The observed convective

precipitation over the Gulf of Finland in the AROME output was consistent with the

observed radar reflectivity. However, there was less convective precipitation than in the

observations, possibly partly due to the incorrect position of the surface cyclone and

partly due to the inability of AROME to produce enough convection.  In AROME the
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lake temperatures are taken from climatology and the sea temperatures are taken from

satellite data. Since November 2008 was exceptionally warm, it is likely that this caused

differences in how the lakes effected the precipitation in AROME and in observations. 

The AROME output showed some banded precipitation structures which are noteworthy

and they are marked in Fig. 19. The heaviest simulated precipitation in phase 1 fell from

an elongated region leading the precipitation area (annotated as “C” in Fig. 19b). In the

observed evolution of precipitation, the heaviest precipitation during phase 1 occurred at

the rear edge (Fig. 11b,c). The difference is due to the fact that the intensity of phase 1

precipitation in AROME output was weaker than observed, and only the largest values

are seen in the simulation. The gap between the precipitation areas in phases 1 and 2

(Fig. 11b,c) was visible also in the AROME output but lasted longer (Fig. 19b,c). The

leading edge of the simulated phase 2 precipitation was characterized by a northeast-

southwest orientated distinct precipitation band (annotated as “A” in Fig. 19a,b), which

was absent in radar composites (Fig. 11b,c), although it corresponded with the area of

heaviest observed precipitation in phase 2. There was a line of heavy precipitation along

the cold front in AROME simulation (annotated as “B” in Fig. 19b,c), separating phase

2 from phase 3. The radar composites do not show this feature since it is outside the

radar range, and therefore cannot be compared to observed precipitation but the notable

change in precipitation structure, which occurred in the observations was visible in the

AROME output (Figs. 11d-f and 12a,b). 

The observed merging of phases 1 and 2 and the resulting large band (Band 7, Fig. 11d,

table 2) did not occur as clearly in the simulation. Instead, a relatively short, northeast-

southwest orientated precipitation band formed near the western coast (annotated as “E”

in  Fig.  20c).  This  simulated  precipitation  band  E  corresponded  the  observed,  most

substantial  precipitation band,  although it  was considerably weaker.  In  the AROME

output,  a  very  distinct  north-south  orientated  precipitation  band  formed  near  the

southern coast of Finland (annotated as “D” in Fig. 20c). This simulated precipitation

band corresponded to observed one (Band 13, Fig. 11e, table 2). During the decaying

stage  of  the  cyclone,  postfrontal  phase  3  (Fig.  20d),  the  most  distinct  simulated

precipitation band was located over the Gulf of Bothnia. In the radar composites, this
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feature was not seen. In radar composites, the dissipating phase 2 precipitation area was

located over the Gulf of Bothnia but in AROME output it was dissipating over land.   

5.3.3 AROME 24-h accumulated precipitation 

The observed liquid equivalent precipitation during the 24-h period ending at 0600 UTC

24 November exceeded 10 mm over the Gulf of Finland, in southern Finland, in a wide

west-east  orientated band in  central  Finland,  and in  a  north-south orientated broken

band over the Gulf of Bothnia (Fig. 20a). 

 a) 24.11.2008 0600 UTC -24 h                   b) 24.11.2008 0600 UTC -24 h

Fig. 20. a) Observed liquid equivalent precipitation during the 24-h period ending 0600 UTC

24 November (shaded according to scale starting at 0.1mm, maximum value 100 mm), and b)

AROME output of accumulated precipitation (rain, graupel, snow) for the same period (shaded

according to scale starting at 5 kg m-2, maximum value 75 kg m-2, kg m-2 is equivalent with mm).

Embedded local maxima of 15-25 mm were located in southeast Finland, over the Gulf

of Finland, and over the northern Baltic Sea. In addition, a wide band across central

Finland had two embedded maximums of 15-25 mm. Over the Gulf of Finland, and

along the southeast coast, observed liquid equivalent precipitation exceeded 50 mm. In

the AROME output, the simulated 24-h  accumulated precipitation gradually increased

eastwards from the western coast (Fig. 20b). Large areas in central Finland had values
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of 10-15 kg m-2 resembling the observed distribution of accumulated precipitation. The

small  embedded  maxima exceeding  25  kg  m-2 were  found  in  eastern  Finland,  in  a

narrow band over the Gulf of Bothnia,  and over the Gulf of Finland. The observed

values near the edges of detecting range are not fully comparable to AROME output,

since  radar  is  not  able  to  detect  those  areas  over  a  certain  altitude.  In  winter,

precipitating clouds farther than 150 km from the radar are seldom detected due to the

radar  beam overshooting.  In  the AROME output,  the largest  values  of  accumulated

precipitation  over  the  Gulf  of  Finland  were  located  farther  south  than  observed

consistent with the mislocation of the cyclone. AROME was able to produce similar

amounts of precipitation than observed although the distribution was not exactly the

same. The inability of AROME to produce enough convective precipitation in phase 3

surely had an effect in the distribution and accumulation of precipitation. For example, a

large part of the lake enhanced convective precipitation is missing in AROME output.

However, a lot of the observed features were present in the AROME simulation, but

were either not in the correct place or were weaker.  

5.4 Frontogenesis, ascent and resulting precipitation in AROME

In  this  section  frontogenetical forcing  and  ascent  during  different  phases  are

investigated. In AROME output, strong frontogenesis occurred in the lower and middle

troposphere during the cyclone evolution. Near the surface (below 850 hPa), the largest

values of frontogenesis were located along the frontal zones. The strongest ascending

motions  were  also  related  to  frontal  zones.  In  lower  and  middle  troposphere,  the

maximum frontogenesis (largest values 6-7 K 100 km-1 h-1) associated with the warm

frontal zone was organized as lines, and sloped forward with height (Figs. 21a,c, and

22a,c,e ) ahead of the surface warm front. The ascending motion related with the warm

front  exhibited  a  similar  forward  sloped  structure,  and  was  strongest  in  the  middle

troposphere, at 600 and 500 hPa (Fig. 22b,d,f). The frontogenesis maximum associated

with the cold front was vertically aligned from surface to 500 hPa (Fig. 22a,c), as was

the ascent associated with it (Fig. 22b,d). Frontogenesis and ascent associated with the

cold front weakened considerably above 700 hPa (Fig. 22e,f).In general, the strongest

ascending motion occurred in the middle troposphere at 600 hPa and 500 hPa, while the

strongest frontogenesis occurred at  levels below 600 hPa, and weakened with height.
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 a) 23.11.2008 0600 UTC, 800 hPa             b) 23.11.2008 0600 UTC, 700 hPa

 c) 23.11.2008 0600 UTC, 700 hPa             d) 23.11.2008 0600 UTC, 600 hPa 

Fig. 21. Surface pressure (black contours, every 4 hPa), frontogenesis (colourscale, K/ 100km

h), and potential temperature (red contours, every 3 K) at a) 800 hPa, and c) 700 hPa. Surface

pressure (black contours, every 4hPa), and ascent (colourscale, m/s) at b) 700 hPa, and d) 600

hPa at 0600 UTC 23 November.

Simulated precipitation in phase 1 (annotated as “1” in Fig. 19a,b,c) correlated with

frontogenesis at 700-600 hPa (Fig. 21c) and with weak ascent on the warm side of the

frontogenesis maximum at  600-500 hPa (Fig.  21d) at  0600 UTC. The frontogenesis

maximum (6-7 K 100 km-1 h-1) occurred at 600 hPa (not shown). At 1200 UTC lines of

strong frontogenesis (maximum values 6-7 K 100 km-1 h-1) can be seen at all levels from

800 hPa to 500 hPa (Fig. 22a,c,e), especially at 700 hPa and 600 hPa. These lines of

frontogenesis are correlated with relatively strong (60 - 70 cm/s) and partly banded,

ascent from 600 hPa to 500 hPa (Fig. 22f,h), which resulted  in precipitation and banded

structures (annotated as “C” in Fig. 19b) in  phase 1.
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  a) 23.11.2008 1200 UTC, 800 hPa b) 23.11.2008 1200 UTC, 800 hPa 

  c) 23.11.2008 1200 UTC, 700 hPa d) 23.11.2008 1200 UTC, 700 hPa 

  e) 23.11.2008 1200 UTC, 600 hPa f) 23.11.2008 1200 UTC, 600 hPa 

Fig. 22. Surface pressure (black contours, every 4 hPa), frontogenesis (colourscale, K/ 100km

h), and potential temperature (red contours, every 3 K) at a) 800 hPa, c) 700 hPa, e) 600 hPa,

and g) 500 hPa. Surface pressure (black contours, every 4hPa), and ascent (colourscale, m/s) at

b) 800 hPa, d) 700 hPa, f) 600 hPa, and h) 500 hPa at 1200 UTC 23 November.
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  a) 23.11.2008 1600 UTC, 800 hPa b) 23.11.2008 1600 UTC, 800 hPa 

  c) 23.11.2008 1600 UTC, 600 hPa d) 23.11.2008 1600 UTC, 600 hPa 

Fig. 23. Surface pressure (black contours, every 4 hPa), frontogenesis (colourscale, K/ 100km

h), and potential temperature (red contours, every 3 K) at a) 800 hPa, and c) 600 hPa. Surface

pressure (black contours, every 4hPa), and ascent (colourscale, m/s) at b) 800 hPa, d) 600 hPa

at 1600 UTC 23 November.

A relatively short, northeast-southwest orientated precipitation band (annotated as “E”

in Fig. 19c) was coincident with frontogenesis at 600 hPa (annotated as “E” in Fig.

23c), and ascent at 600 hPa (annotated as “E” in Fig. 23d) and 500 hPa (not shown).

The simulated precipitation in phase 2 (annotated as “2” in Fig. 19a-d) corresponded to

vertical ascent from 600 hPa to 500 hPa (annotated as “2” in Figs. 21d, 22f, and 23b)

but was not related to particularly strong frontogenesis, mainly less than 3 K 100 km-1 h-

1  (annotated as “2” in Fig. 21c). Strong frontogenesis (> 7 K 100 km-1 h-1) occurred at

lower levels related to the warm frontal zone but weakened considerably with height

(Fig. 23a,c). Band of heavy precipitation (annotated as “A” Fig. 19a,b) during phase 2,

50



corresponded to a line of strong frontogenesis associated with the warm front at 800 hPa

(annotated as “A” in Figs. 21a and 22a), and to a narrow line of ascending motion at

700  hPa  (annotated  as  “A”  in  Figs.  21b  and  22d).  A distinct  precipitation  band

(annotated  as  “D”  in  Fig.  19c)  was  caused  by strong  vertical  ascent  in  the  middle

troposphere from 700 hPa to 500 hPa (annotated as “D” in Fig. 23d), correlating with

scattered  frontogenetical  forcing  from 800  hPa  to  600  hPa  (annotated  as  “D”  Fig.

23a,c). Especially large values (> 7 K 100 km-1 h-1) of frontogenesis were associated

with  the  cold  front  at  800  and  700  hPa  (annotated  as  “B”   in  Fig.  22a,c),  which

corresponded to  a line of strong vertical  ascent  (maximum > 1 m/s)  in same levels

(annotated as “B” in Fig. 22b,d) and to heavy precipitation (annotated as “B” in Fig.

19b,c). In summary, the ascent which lead to the banded precipitation in phase 2 was

forced by frontogenesis and the related ageostrophic circulation.  In phase 3, the notable

simulated precipitation band over the Gulf of Bothnia (Fig. 20d) was correlated with

strong frontogenesis and strong vertical ascent at low levels below 800 hPa (not shown).

Based on fields of frontogenesis, ascent and precipitation, the most vigorous ascending

motions and the heaviest precipitation occurred along the cold frontal zone and later in

phase 3 along the occluded part of the cyclone stretching over the Gulf of Bothnia (Fig.

20b-d).  The ascent  related  to  the  cold front  and  to  the  occluded  front  was  vertical

indicating that no symmetric instabilities were released in these regions. It is possible

that  potential  instability was released and enhanced the vertical  motions induced by

frontogenetical  forcing.  The ascent  and  precipitation  related  to  the  warm front  was

weaker than the ascent and precipitation related to the cold front.  Based on Figures 21-

23, it is difficult to identify to what extend the ascent along the warm front was vertical

or slantwise. It  is likely that slantwise ascent occurred along the sloping warm front,

which may have been enhanced through the release of moist symmetric instability. The

leading edge of phase 2, which exhibited a distinct precipitation band annotated as “A”,

and  the  following larger  area  of  heavy precipitation  annotated  as  “2”,  were  due  to

vertical ascent (Figs. 21-23), which means that no moist symmetric instabilities were

released  there.  In  postfrontal  phase  3,  the  heaviest  precipitation  along  the  Gulf  of

Bothnia was induced by frontogenetical forcing and related ascent at low levels (not

shown).  The convective precipitation over Finland that  occurred in phase 3 was not
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associated  with  frontogenetical  forcing and  had  a  different  forcing  mechanism than

precipitation in phases 1 and 2. Possibly the precipitation in phase 3 was due to the

release  of  static  instability  which  led  to  a  convection  and  to  precipitation  where

sufficient moisture was available.

5.5 Instabilities

A cross section normal to the warm front (Fig. 24) is analysed to further investigate the

environmental stability and forcing during the different phases of the storm's evolution.

The forward sloping frontal structure is evident in θ fields (Figs. 25-27), as well as in θe,

and θes fields (not shown). The backward sloping cold frontal structure and occlusion

process when the front becomes detached from the surface, is visible in θ fields, as well

as in θe, and θes fields, although the cold front was a less stable boundary than the  warm

front  (not shown).  The  moisture  availability  was  investigated  by  plotting  relative

humidity.  Since saturation is required for any type of moist convection to occur, the

threshold value of 80 % for relative humidity was chosen to represent the saturated

areas. Ahead of the warm front, relative humidity exceeded 80 % only in a shallow layer

near the surface (Fig. 25a) but in the warm sector, and along the warm front the moist

layer extended up to 500 hPa, although there were fluctuations which lowered the 80 %

contour to 800 hPa at times (Figs. 25-28a). Behind the cold front, the moist layer was

limited from the surface to 800 - 700 hPa (Figs. 27a, 28a).  

Fig. 24. Location of cross section taken normal to fronts (red line), surface pressure (black

contours every 4 hPa) at 1200 UTC, and location of surface low (pink cross) at 1630 UTC on

23 November. 
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The most significant ascending motion occurred on the warm side of the fronts in the

warm sector. The ascent along the warm front was relatively weak but covered a large

area (Figs. 25a, and 26a). In the warm sector, strong, narrow updrafts occurred (Fig.

27a).  Based  on  θ  and  θes  fields,  which  differed  only little,  the  AROME simulation

exhibited no absolute or conditional instability.  The air ahead of the warm front was

absolutely and conditionally stable.  The surface layer  (below 900 hPa) ahead of  the

warm front exhibited weaker absolute and conditional stability than the upper air and

was in places neutral. θe field on the other hand, exhibited clearly weaker stability ahead

of the warm front and also potential instability in a shallow layer below 900 hPa (Fig.

26c). Weak potential stability or neutrality extended up to 800 hPa.  Airmasses in the

warm sector above 850 hPa were absolutely (Figs. 25-27) and conditionally stable (not

shown). Just southeast of surface warm front small regions of weak absolute (Fig. 27)

and conditional stability and in places neutral stratification extended from surface to 850

hPa (not shown). Weak and neutral stratification of equivalent potential temperature was

common in the warm sector area, and in places the warm sector was also potentially

unstable (Figs. 26c, 27c). 

a) 23.11.2008 0600 UTC b) 23.11.2008 0600 UTC
Fig.  25.  Cross  section  taken  across  the  warm front  showing  potential  temperature  (black

contours every 2 K), and in a) vertical velocity (cms-1) according to the colorscale, relative

humidity (green dashed over 80 %), and absolute instability (red line every 1 Km-1), and in b)

negative saturated EPV (PVU) according to the colorscale at 0600 UTC on 23 November.

Comparisons of equivalent potential temperature stratification ahead of the warm front,

in the warm sector and behind the cold front showed that the potential stability was

reduced in the warm sector. Reduction of potential stability occurred in deep layer from
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surface to  500 hPa.  Regions of  reduced potential  stability were co-located with the

region of strong narrow updrafts in the warm sector (Fig. 27a). Not all strong updrafts

resulted in precipitation because of the lack of sufficient moisture at the level of the

updraft. The most significant potentially unstable areas were related to the cold front

and to the occlusion process and occurred below 700 hPa on the warm side of the front

(not  shown).  It  is  likely  that  potential  instability  had  been  released  causing  free

convection and strong, narrow updrafts in the vicinity of the cold front and also in the

warm sector.  As shown in section 5.4, ascent related to the cold front was strong and

vertical (annotated as “B” in Figs. 22b,d and 23b), and resulted in heavy precipitation

from individual precipitation cells (B in Fig. 19b,c).

a) 23.11.2008 1200 UTC b) 23.11.2008 1200 UTC

c) 23.11.2008 1200 UTC d) 23.11.2008 1200 UTC

Fig.  26.  a)  and  d)  as  in  Fig.  26A,  and  b),  b)  inertial  instability  (s-1)  according  to  the

colourscale, and potential temperature (black contours every 2 K), and c) potential instability

according to the colorscale (Km-1), and equivalent potential temperature (black contours every

2 K)  at 1200 UTC on 23 November.
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In general, stability decreased behind the cold front (Figs. 27, 28) indicating a warm

type of occlusion. Stability was reduced in a layer below 700 hPa. Conditional stability

was reduced more than absolute stability but only potential instability was present in

postfrontal air. A potentially unstable layer extended from the surface to 800 hPa (Figs.

27c, 28c) and despite the potential instability and sufficient moisture (Figs. 27a, 28a),

there  was  no  significant  precipitation.  Low-level  frontogenetical  forcing  weakened

considerably behind the cold front, as would be expected, and ascent near the surface

was weak and scattered (Fig. 27). Potential instability behind the cold front was never

released and free convection did not occur, except maybe only locally.   

a) 23.11.2008 1600 UTC b) 23.11.2008 1600 UTC

c) 23.11.2008 1600 UTC d) 23.11.2008 1600 UTC

Fig. 27. As in fig. 27. but at 1600 UTC 23 November.

Inertial instability, which leads to horizontal acceleration when released, was present

mainly in the warm sector airmass below 400 hPa. Inertial instability was concentrated
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in small patches, which exhibited minimum values of negative absolute vorticity less

than -9x10-4 s-1.  The minimum values of inertial  instability were correlated with the

strongest, narrow updrafts in the warm sector. The explanation could be the transport of

low momentum air to an environment of higher momentum via the updrafts.     

a) 23.11.2008 2400 UTC b) 23.11.2008 2400 UTC

c) 23.11.2008 2400 UTC d) 23.11.2008 2400 UTC

Fig. 28. As in fig. 27. but at 2400 UTC 23 November.

The presence of moist symmetric instability was investigated by plotting cross sections

of EPV and saturated EPV. Areas of negative EPV and saturated EPV are indicators of

moist symmetric instability; EPV for PSI and saturated EPV for CSI. In order for moist

symmetric instability to be released, saturation and slantwise lift is needed. Negative

EPV  covered  a  slightly  larger  area  than  negative  saturated  EPV  and  had  smaller

minimum values than negative saturated EPV. Overall, the fields of negative EPV and

negative  saturated  EPV  were  almost  identical.  Negative  saturated  EPV  exhibited
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minimum values of -7-8 PVU, and negative EPV values less than -9 PVU along the

sloping  warm  front  below  700  hPa  (Figs.  25b,  26d,  27d).  Large  areas  of  slightly

negative EPV and saturated EPV were located along the warm front at upper levels

from 600 hPa to 300 hPa. There was more scattered large areas of slightly negative EPV

and saturated EPV also on the warm side of the warm front and in the warm sector.

In the warm sector, negative EPV and saturated EPV were present mainly above 600

hPa. Since the maximum level that the 80% RH contour reached was 500 hPa, at higher

levels  conditional  and  potential  symmetric  instabilities  never  occurred  because

saturation  was  not  reached.  In  general,  the  moist  area  in  warm  sector  was  mostly

symmetrically stable. Small areas of large negative values of EPV and saturated EPV

(hereafter  referred  as  moist  potential  vorticity  MPV) were  found  along  the  sloping

warm  front.  Below  700  hPa  these  small  areas  of  large  negative  values  of  MPV

correlated with the narrow updrafts at low levels, and with frontogenesis below 800 hPa

(not shown). Whether the low-level updrafts along the warm front were induced by the

release of potential instability or by the release of moist symmetric instability, was not

clear due to very scattered fields of ascent at low levels (Figs. 21-23). The fact that the

negative values of  MPV along the warm front were not increasing (Figs.  25b, 26d)

indicates  that  the  moist  symmetrical  instability  was  not  released  but  instead  was

produced. Later, at 1600 UTC (Fig. 27d), MPV remained negative but had a smaller

magnitude than earlier, indicating the release of the moist symmetrical instability.  

Based on the results, during prefrontal phase 1 there were no gravitational instabilities

present but weak moist symmetric instability existed. The lack of moisture prevented

moist symmetric instability to occur above 500 hPa but below that, small areas of weak

moist symmetric instability existed coincident with the phase 1 precipitation (1 in Fig.

19 a,b,c). Strong frontogenetical forcing (> 7 K 100 km-1 h-1) was present at 600 hPa

along the warm front and the strongest ascending motion (30 - 40 cm/s) occurred on the

warm side of the frontogenesis maximum above 600 hPa. Based on the ascent fields at

600 and 500 hPa, it  is  possible that  slantwise ascent  occurred and moist  symmetric

instability has been released in phase 1 but only in a small scale. Frontogenetical forcing

and the associated thermally direct  circulation seems to have been the main forcing
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mechanism  for  ascent  and  the  lack  of  moisture  prevented  the  formation  of  heavy

precipitation.

Based on the horizontal fields of ascent, the majority of the precipitation during frontal

phase  2  developed  through  vertical,  rather  than  slanted,  updrafts.  Frontogenetical

forcing along the warm front was strong and in addition potential stability on the warm

side of the front was reduced which led to more intense and narrow updrafts and to

heavier precipitation. To a small extent, moist symmetrical instability was released at

low levels along the warm front and frontogenesis was acting as a forcing mechanism.

Sufficient  moisture was present  during phase 2,  since the forcing occurred at  lower

levels than in phase 1. Heavy precipitation related to the cold front was partly due to

strong updrafts caused by the release of potential instability. During phase 3, the lack of

forcing and weak ascent prevented the formation of significant precipitation, although

sufficient moisture and instability were present.    

6. DISCUSSION

Figures 29 and 30 summarise the structure of the simulated cyclone during phases 1-3.

The evolution of the simulated storm on 23th November featured an upper-level  PV-

hook  accompanied with an upper-level  jet  stream located northeast  of  it  (Fig.  29).

Positive PV anomaly was also present at 700 hPa coincident with the forward sloping

warm  front,  mid-level  trough  (700  hPa),  and  with  a  moist  area  (not  shown).  The

frontogenetical forcing was strongest in the low and mid-troposphere (Fig. 30). A sharp

trough  at  the  surface  and  at  low  levels  was  found  coincident  with  the  cold  front.

Frontogenesis associated with the cold front was uniform and vertically aligned as was

the front (not shown). The frontogenetical forcing associated with the forward sloping

warm front was widespread and organized as narrow lines parallel to the front (Figs. 29

and 30). The phase 1 precipitation area, as well as the mesoscale bands, occurred along

the northern portion of the PV-hook, northwest of the occluded surface cyclone, and

ahead of the 700 hPa trough (Fig. 29). The phase 1 precipitation was located beneath the

diffluent exit region of the upper-level jet stream. Above 500 hPa, the lack of moisture

prevented  the  development  of  precipitation  but  below  500  hPa  weak  precipitation

58



formed (Fig. 30a-c). The phase 2 precipitation area was, like the phase 1 precipitation,

located along the northern portion of the PV-hook, northwest of the occluded surface

cyclone. However, the upper-level jet stream was located above the precipitation area in

phase 2 (Fig. 29). 

 a) 23.11.2008 0600 UTC                      b) 23.11.2008 1200 UTC

 c) 23.11.2008 1600 UTC          d) 23.11.2008 2400 UTC

Fig.  29.  Schematic  depiction of  the  simulated  cyclone in  3 phases  showing upper-level  jet

stream (green line),  400-hPa positive  PV anomaly (orange line),  surface low centre  (black

labelled), frontogenesis maximum at 800 hPa (pink shading), surface fronts and the location of

the phase 1, 2 and 3 precipitation areas (cyan line). 
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 a) 23.11.2008 0600 UTC           b) 23.11.2008 1200 UTC

 c) 23.11.2008 1600 UTC           d) 23.11.2008 2400 UTC

Fig.  30.  Schematic  depiction of  cross  sectional  evolution  of  the cyclone showing potential

temperature (black contours every 4 K),  upper-level  jet  stream (labelled),  relative  humidity

where RH > 80% (green line), frontogenesis maximum (red line), moist symmteric instability

(blue line), potential instability (orange line), and phases 1, 2, and 3 (cross section location

presented in Fig. 25). 

Precipitation in phase 2 originated from the warm sector and from the warm side of the

warm front at low levels (Fig. 30). The precipitation in phase 2 was located between the

surface warm front and 700 hPa trough (not shown). During phase 3, the PV-hook and

the upper-level jet stream turned cyclonically around the surface low centre behind the

surface occluded front (Fig.  29). Frontogenesis was the main forcing mechanism for

ascent in phase 1. To a small extend, the ascent during phase 1 may have been enhanced

by the  release  of  moist  symmetric  instability  along  the  warm  front,  at  low  levels

associated with the approaching phase 2 precipitation (Fig.  29). The majority of the

precipitation during frontal  phase 2,  was formed through vertical  updrafts.  Potential
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stability on the warm side of the warm front was reduced which led to more intense and

narrow updrafts and to heavier precipitation during the phase 2 (Fig. 30). Post-frontal

destabilization in phase 3 led to a period of weak snow showers. The lack of forcing and

weak ascent prevented the formation of precipitation, although sufficient moisture and

potential instability were present (Fig. 30). 

Previous studies (e.g. Emanuel 1985, Thorpe and Emanuel 1985, Knight and Hobbs

1988, Xu 1989a,b, Xu 1992, Jurewicz and Evans 2004) on banded snowstorms indicate

that  heavy  snowbands  typically  occur  in  the  presence  of  both  frontogenesis  and

instability or  weak  stability on the warm side of  the warm front.  The formation of

multiple  bands  in  the  presence  of  frontogenesis  has  been  addressed  using idealized

numerical models. The combined effect of frontogenetic forcing and negative MPV may

produce multiple rainbands depending on the areal extent of forcing and magnitude of

negative MPV (Xu 1989a,b, Xu 1992). For widespread forcing,  multiple bands may

occur when MPV is negative enough. The bands become intense, narrow and widely

spaced  as  MPV becomes increasingly negative.  For  moderately widespread  forcing,

wide and weak multiple bands develop and change into a narrow and strong single band

as MPV becomes increasingly negative. Multiple rainbands can be created internally

from moist frontal circulations if the MPV becomes negative in a moderately deep (>1-

2 km) saturated layer (Xu 1992). The positive feedback between the moist circulation

bands  and  the  geostrophic  forcing  anomalies  was  found  to  generate  banded

substructures  in  the  forcing  and  MPV fields.  In  the  present  case,  AROME  output

showed frontogenetical forcing associated with warm front organized as lines over a

widespread area accompanied with slightly negative MPV above and along the warm

front.  This result  seems to be consistent  with  the suggested mechanism for creating

multiple narrow bands. 

Multiple banding have also been noted in observational studies. Reuter and Yau (1990)

analyzed seven single and multiple banded cases where the atmosphere was shown to

contain  shallow  layers  of  air  exhibiting  small  values  of  CSI,  especially  in  regions

having pronounced windshear. In the lower levels instability was often released leading

to heavy precipitation which was sometimes organized in multiple bands. They were

61



unable to distinct whether the banding was caused by slantwise convection or by the

response to atmospheric forcing. Multiple bands and synoptic features similar to the

case presented here were observed also by Jurewicz and Evans (2004). They studied

two cases that occurred over the northern mid-Atlantic region and had very different

synoptic-scale settings. First of the two cases they studied exhibited rapid cyclogenesis,

an  amplified  long-wave  trough  and  strong  vertical  wind  shear  along  with  multiple

bands. A layer of PSI was located just above a deep, sloping zone of frontogenesis, in

the presence of a deep near-saturated conditions like in the present case. 

The model's cross sections revealed that both moist symmetric instability (PSI and CSI)

and  gravitational  instability  (PI)  were  probably  present  during  the  23.11.2008

snowstorm  (Fig.  30).  The  combination  of  moist  slantwise  and  moist  gravitational

convection has been noted and discussed by previous authors.  Neiman et  al. (1993)

presented  the  escalator-elevator  concept  for  warm frontal  ascent,  where  both  moist

gravitational and moist slantwise convection occurred. Reuter and Yau (1993) continued

their former work and found that the warm frontal environment studied by Neiman et al.

(1993) was characterized by both PI and PSI. Lower tropospheric air on the warm side

of the warm front was potentially stable or weakly stable but exhibited PSI as in the

present case. PI on the other hand, was found in the warm sector near the surface low of

explosive cyclones during their period of most rapid growth (Reuter and Yau 1993). In

our case, small regions of PI were found near the surface and on the warm side of the

cold front during occlusion process relatively near the surface low. According to Schultz

and Schumacher (1999), the coexistence of CSI/PSI and CI/PI with adequate moisture

and lift, may result in a mixture of moist gravitational and moist slantwise convection

associated  with  the  release  of  convective-symmetric  instability.  The convection  can

possess characteristics of either one or both instabilities depending on factors like the

environmental stability, lift mechanism and moisture. 

Novak et al. (2010) presented a common banded event evolution for a single-banded

cases in the comma-head portion of the cyclone (Fig. 15 in Novak et al. 2010). Their

plan view of  the common banded event evolution exhibits  similar  synoptic  features

with  our  case  (Fig.  29a,b)  during  the  formation  and  mature  stages  of  the  band.  A
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majority of  the  banded  events  studied  by Novak  et  al.  (2010)  developed  along the

northern portion of an upper-level PV-hook. Similar development was seen in AROME

output (Fig. 30) along with the development of a mid-level geopotential trough north of

the 700-hPa low. Over half of the banded PV-hook cases studied by Novak et al. (2010)

exhibited a saturated 700-hPa PV maximum to the east of the band. In the AROME

output, a positive PV anomaly at 700 hPa was co-located with the phase 1 precipitation

area and was northwest of the phase 2 precipitation area (not shown). This PV anomaly

was also hook-shaped, turning anticyclonically around the surface low centre. Unlike

the snowstorm studied here, in Novak et al. (2010) found that the most likely stability

state during the band formation was either weak conditional stability or weak CI, while

CSI and II were less common. 

The typical banded event evolution presented by Novak et al. (2010) is based on studies

of northeastern U.S cyclones which may have different dynamics compared to cyclones

in Finland. Multiple banding in our case study seems to be related to widespread forcing

as theoretical studies have suggested. Widespread frontogenetical forcing along with the

combination of  gravitational  and slantwise convection were the key findings in  this

study. However, the ascent and resulting moderate precipitation during phase 1 were

most likely caused by frontogenetical circulations without instabilities being released. 

Whether the forcing, stability,  and moisture evolution of a banded cyclone presented

here is common in southern Finland cannot be verified based on just one study. The lack

of observations other than radar makes it difficult to confirm the results of the AROME

output. There are factors that may have caused errors in the AROME simulation, for

example,  AROME  was  unable  to  create  cyclogenesis  as  rapid  as  the  observations

showed  and  the  simulated  cyclone  was  weaker  than  observed.  AROME  may

underestimate the radar reflectivity due to snow because of the parametrization, and it

was unable to produce enough convective precipitation. Despite of the high resolution

of the model, some observed bands were too narrow for AROME to resolve.
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7. CONCLUSIONS

Radar composites and a high-resolution model simulation with 2,5  km grid  spacing

were used to investigate the life cycle of an intense snowstorm with multiple snowbands

that  occurred  on  23  November  2008.  Large-scale,  as  well  as  banded  precipitation

formed in the comma-head portion of the cyclone. Composite radar data revealed four

different  precipitation phases  during the storm evolution: prefrontal  phase 1,  frontal

phase 2, and postfrontal phases 3 and 4. Locally, the mesoscale snowbands produced

high snowfall accumulations,  especially during postfrontal  phases 3 and 4 when the

snowbands were stationary and convective. The largest storm total snowfall was found

over the unfrozen Gulf of Finland, where the surface cyclone persisted for nearly 12

hours. Banded precipitation occurred during all four phases but had a different forcing

mechanism in phases 1 and 2 compared to phase 3 and 4.  More detailed information of

banded precipitation was collected into a table of snowbands (Table 2), presenting the

characteristics of bands and band groups (duration, length, width, intensity etc) during

the first 3 phases of the storm. The storm exhibited 22 individual bands, and 6 groups of

bands during phases 1, 2, and 3. AROME was able to simulate the storm evolution well,

and although the simulated cyclone was weaker and remained farther south than the

observed  one,  the  simulated  large-scale  precipitation  features  were  similar  to  those

observed  in  the  radar  composites.  The  intensity  of  the  simulated  precipitation  was

weaker  than  observed,  especially  during  phases  1  and  3.  However,  the  heaviest

precipitation occurred during phase 2 both in the  simulation and in the observations.

Significant convective precipitation and mesoscale convective snowbands induced by

non-frozen  large  lakes  and  sea  gulfs  formed during  phase  3,  but  AROME

underpredicted the amount of convective precipitation.  Strong frontogenetical forcing

during  weak  symmetric  and  potential  stability,  and  to  a  lesser  extent,  release  of

symmetric  and  potential  instability,  were  the  important  mechanisms  for  producing

precipitation and the mesoscale bands of heavy snowfall in the simulation. The differing

precipitation characteristics in the different phases were related to changes in forcing,

stability and moisture. In the AROME output, slightly negative MPV developed on the

warm side of the warm front. The negative MPV was primarily associated with PSI and

CSI, as the AROME simulation showed no signs of PI or CI coincident with the regions
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of negative MPV. During phase 1, the majority of the precipitation was most likely due

to weak ascent along the isentropic surfaces with frontogenesis acting as the forcing

mechanism. Large areas of weak CSI and PSI were present during phase 1 but they

were not released to a large extent due to the lack of moisture at levels above 500 hPa.

During the frontal phase 2, potential stability was reduced in a deep layer on the warm

side of the warm front and in the warm sector, coincident with the strongest narrow

updrafts. At low levels, the largest values of negative MPV were in conjunction with a

frontogenesis  maximum  north  of  the  surface  cyclone  along  the  warm  front.  Moist

symmetric instability may have been released enhancing the slantwise ascent along the

warm front during phase 2. The height of the moist layer fluctuated in the warm sector,

which affected the distribution of precipitation. Scattered heavy precipitation was seen

also in the radar composites during phase 2. Frontogenesis was present along the warm

front and also in the warm sector as a scattered field, and acted as a forcing mechanism

during phase 2. Also, limited regions exhibited PI for short periods of time, especially in

the vicinity of the cold front. The release of PI resulted in strong updrafts and heavy

convective precipitation along the cold front and in the warm sector during phase 2. In

the observations, precipitation associated with the cold front was not as distinct feature

as  it  was  in  the  simulation.  During  phase  3,  frontogenetical  forcing  weakened

considerably after the cold frontal passage and significant precipitation failed to form

despite the sufficient moisture at low levels and the presence of PI near the surface. To

conclude, the forcing mechanisms of the precipitation bands in the different phases are

summarized below:

– Based  on the  AROME output  precipitation and banding during phase  1 was

caused by frontogenetical forcing and weak ascent along the isentropic surfaces

and possibly to a small extent  by symmetric instabilities.

– The atmospheric stability during phase 2 was different. Weak potential stability

and limited regions of PI were present. Also CSI and PSI were present along the

warm front  and  most  likely were  released.  Frontogenesis  acted  as  the  main

forcing mechanism.  

– Phase 3 showed PI at low levels but frontogenesis was no longer acting as a

forcing mechanism during this phase.  
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APPENDIX 1

TABLE OF SNOWBANDS AND BAND GROUPS

1 Name of the band, or the band group 6 Orientation: N=north S=south W=west E=east. PHASE1

2 Date 7 Movement direction:
PE= perpendicular to the movement direction 
PA=parallel to the movement direction/ parallel to the flow direction (stationary bands)

PHASE 2

3 Time of development and dissipation PHASE 3

4 Duration of the band, or the band group 8 Description of the band, or the band group OTHER

5 Mean length and width of bands 9 Intensity of banded precipitation: W=weak M=moderate H=heavy

1 2 3 4 5 6 7 8 9

B/G Date UTC time Duration L/W (km) Orient. M.dir Description P

GROUP A 23.11.08 Bands 1-5 developing within moderate precipitation in phase 1

BAND 1 23.11.08 0545-0645 1h ~250/~10 NE-SW NW-PE Narrow, develops in the middle of the phase 1 area before it reaches Finland. H

BAND 3 23.11.08 0745-0845 1h ~300/~10 NE-SW NW-PE Long and narrow, develops in the middle of the phase 1 area in southeast Finland H

BAND 4 23.11.08 1000-1045 45min ~400/~20 NE-SW NW-PE Long, poorly organized band (possibly induced by orography; Salpauselät) H

BAND 5 23.11.08 1030-1145 1h 15min 150-300/~15 NE-SW NW-PE Narrow band with varying length. Develops in the rear edge of the phase 1.
(possibly induced by orography; Salpauselät) 

H

GROUP  B 23.11.08 0745-1015 2h 30min 50-100/~10 ~N-S W-PE Curved short bands spaced 15-20 km apart emerge when phase 2 approaches.
Move faster than phase 2 precipitation (80-90 km/h). Gravity waves?

H

GROUP C 23.11.08 0830-1215 3h 45min 50-200/5-40 NE-SW NW/W Northwest of phase 1 separate from it. Poorly organized bands with varying
lenghts and widths. Large bands dissipate and small bands enhance over the Gulf
of Bothnia and move SW. 

W-M

GROUP D 23.11.08 0945-1145 2h 30min ~100/10 NE-SW NW-PE Waves in phase 1 located in eastern Finland. Spaced ~10 km apart. Probably W-M



induced by topography.

AREA A 23.11.08 1230-1700 - 170/50 stationary Region of convection in the middle of the Gulf of Bothnia. Convection is
covered under phase 1. Convection restarts after phases 1 and 2 have passed
(evening 24nov) and  continues until morning 25nov. 

W-M

BAND 7
Major band

23.11.08 1245-2100 9h 15min Max >800/
20-40 

NE-SW
/N-S

NW
W-PE

Very long and long-lived band forms in front of phase 2 when phase 1 and phase
2 merge. First appears at 12.45 UTC, 14.45 UTC extends across Finland.
Northern part orientated NE-SW, moves NW. Southern part N-S, moves W.
Dissipates over the Gulf of Bothnia.

H

BAND 8 23.11.08  1430-1500 30min 100-150/10 N-S W-PE Curved, short-lived band extends south from southern part of phase 2.   H

AREA B 23.11.08
24.11.08

1500 → 
0400 → NE-SW

stationary Convection area near Åland. Convection enhances stretching southwards when
phase 1 approaches. Convection is covered by phase 1 as it moves over the sea.
After phases 1 and 2 have dissipated convection restarts over northern Baltic Sea
and Åland.  

W-H

BAND 9 23.11.08 1500-1800 3h 50->350
/10->5

NE-SW NW-PE Two short, narrow bands form near west coast. Bands grow and merge when
they approach the Gulf of Bothnia. Over the gulf band 9 breaks into several very
narrow and long bands.

H

BAND 10 23.11.08 1600-1730 1h 30 min ~300/30-40 NE-SW NW-PE Region of the heaviest precip. within phase 2 forms a curved band. 100km ahead
of the surface occluded front. Possibly associated to trowal?

H

BAND 11 23.11.08 1600-1630 30min max150/~15 NW-SE SW-PE Curved  band stretched SE at the southern part of phase 2. Similar to Band 10. H

BAND 13 23.11.08 1800-1915 1h 15 min ~150/~15 NE-SW NW-PE Emerges in phase 1, near coastline and moves over the Gulf of Bothnia. Induced
by moisture and heat fluxes from the gulf?

H

BAND 14 23.11.08 1730-1845 1h 15min ~200/5-10 NE-SW NW-PE Narrow long band, emerges in the leading edge of the phase 1. in southern
Lapland and extends over northern Gulf of Bothnia.

H

BAND 15 23.11.08 1900-1930 30 min ~250/~30 NE-SW W Scattered, short-lived band at the rear of phase 2. Orientation is more E-W than
other bands' orientations due to approaching phase 3.

H

BAND 16 23.11.08 2015-2145 1h 30 min ~500/cells N-S W-PE Convective cells with heavy precipitation form long, curved band over the
southern Gulf of Bothnia. Nearly stationary. 

H

BAND 17 23.11.08 2030-2330 3h Max800
/10-40

N-S W-PE Two shorter bands at the rear edge of the phase 2, merge and form curved,
scattered and very long band near the west coast. Located ahead of the surface
occluded front. Band moves over the Gulf of Bothnia and dissipates.

H



BAND 18 23.11.08 2045-2130 45min ~400/30-40 NE-SW W Band of large convective cells in postfrontal unstable air. M-H

GROUP E 23.11.08 2245-0500
(25Nov)

Over 30h circular stationary
-PA

Convective bands around the centre of low. 2245-0045 UTC one large, curved
band north of  the centre of low, along the coastline. 0115 UTC (24Nov)
onwards several narrow, curved convective bands around the centre of low.
Heaviest precipitation occurs north of the centre of low. When the centre of low
moves over land bands are located east of it. 1300 UTC (24Nov) onwards 3
curved, regular spaced (30 km) N-S orientated bands, east of the low (lake-effect
snow). 

M-H

BAND 19 23.11.08 2315-0030 1h 15min ~500/~20 W-E stationary
-PA

Band of convective cells across southern Finland. Induced by lake Ladoga. M-H

BAND 23 24.11.08 2315-0415 5h 100-150
/10-20

NW-SE stationary
-PA

Short convective, long-lived band induced by lake Ladoga above band 19. M

BAND 20 24.11.08 0000-0330 3h 30min 20-250
/15-30

NW-SE stationary
-PA

Separate band south of the dissipating phase 2, over the northern Baltic Sea. M

BAND 21 24.11.08 0015-0045 30min ~150/10-15 W-E stationary
-PA

Convective band north of the centre of low. Not part of the Group E M-H

BAND 22 24.11.08 0130-0530 4h max500/20 W-E stationary
-PA

Long-lived band of convective cells induced by Lake Ladoga. Grows and
extends across southern Finland, similar to Band 19.

H

GROUP F 24.11.08 0345-1430 Over 10h 30-60/5-10 W-E → 
NE-SW

W → SW
PA

Group of small bands emerges in eastern Finland south of stratiform
precipitation area in Lapland. Band group moves across Finland.

M-H

BAND 24 24.11.08 0430-0615 1h 45min 150-250
/10-30

W-E →
NE-SW

N-PA Band across Estonia, south of low centre. Orientated along the circular flow
around the low centre. Lake-effect snow.

W-M


