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Abstract 
 

Accurate precipitation-type forecasts are essential in many areas of our modern society and 
therefore there is a need to develop proper working methods for this purpose. Focus of this 
work has been to study important physical processes decisive in deciding both the temperature 
of the precipitation particles, hence affecting their phase, and the surrounding air. Two major 
latent heating effects have been emphasized, melting effect and cooling by 
evaporation/sublimation. Melting of the snow flakes subtracts heat from the surroundings and 
hence acts as a cooling agent. Phase transformation from solid/liquid into the gas phase also 
needs heat which here results in a cooling tendency. These two mechanisms may sometimes 
have a crucial influence for deciding the correct precipitation-type. The melting effect is 
discussed in a paper about a snow event in Tennessee in USA, and another paper describing 
an event in Japan showing the influence of the evaporation/sublimation process. In the latter 
case the wet-bulb temperature, Tiw as a physical correct discriminator between snow and rain 
is obtained.  
 
A numerical weather prediction model (HIRLAM) is being used to study different 
condensation schemes during three weather situations occurring in Sweden. These are 
Rasch/Kristjánsson condensation scheme, Sundqvist original condensation scheme and a 
modification of the latter scheme. In the modified Sundqvist condensation scheme the Tiw has 
been implemented as a limit temperature between snow and rain. The results are showing 
differences between the two main schemes concerning the total precipitation (both snow and 
rain). Comparisons between Sundqvist condensation scheme and this modified version, called 
Sundqvist scheme with Tiw show that this latter version creates slightly more snow. 
Differences between them are largest in dryer areas. Differences in the snow accumulation 
increase when the forecast length increases. That makes them harder to be compared to snow 
analyses from MESAN (mesoscale analysis) because the analyses is partly based on 
differences in the snow depth and this cannot be directly compared to amount of newly fallen 
snow especially when surface air temperatures are above freezing. Deviations from the data 
analyses are obtained in both Sundqvist and Sundqvist scheme with Tiw   but in some regions 
the latter is in better agreement with measurements. Further work is needed in precipitation-
type studies but the physical correct value with Tiw = 0 ºC as melting temperature used in 
Sundqvist with Tiw scheme is an interesting project for the future in the field of precipitation-
type forecasting.        
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Sammanfattning av ”Regn eller snö?  En fråga om våta temperaturen” 
 
Noggranna prognoser beträffande nederbördstyp är väldigt viktiga inom många områden i 
samhället. Det finns därför ett behov att utveckla bra metoder att avgöra om nederbörden 
faller som regn eller snö. Viktiga fysikaliska processer är avgörande för nederbördens och den 
omgivande luftens temperatur; processernas kritiska betydelse för dess fas har satts i fokus. 
De två största latenta värmeeffekterna, avkylning genom smältning och genom 
avdunstning/sublimation har betonats. Smältning av snöflingorna extraherar värme från 
omgivningen och därmed sänks temperaturen. Avdunstning och sublimation erfordrar värme 
för fastransformation vilket även här tas från omgivningen och därmed en kylande effekt som 
följd. Dessa två latenta värmeeffekter har ibland kritisk betydelse för nederbördstypen vid 
markytan och detta diskuteras dels i en artikel om en vädersituation från Tennessee (Kain et 
al., 2000) där smälteffekten fick avgörande betydelse för nederbördsfasen vid markytan, dels i 
studier från Japan där betydelsen av avdunstning och sublimation på nederbördstypen 
betonats (Matsuo and Sasyo, 1981). I det senare fallet tydliggörs isobara våta temperaturen 
och dess betydelse som diskriminator mellan regn och snö. 
 
En numerisk vädermodell (HIRLAM) har använts för att studera olika typer av 
kondensationsscheman och deras betydelse för nederbörden under tre olika väderskeenden i 
Sverige. Dessa är Rasch/Kristjánssons kondensationsschema, Sundqvists 
kondensationsschema samt en något ändrad variant av Sundqvists kondensationsschema där 
en subrutin för beräknandet av Tiw har implementerats och ersatt den vanliga temperaturen i 
den del av schemat som beräknar smältning av nederbörd i fast form. Smälttemperaturen har 
sedan satts till 0ºC. Resultatet visar skillnader mellan Rasch/Kristjánssons schema och 
Sundqvists schema beträffande total 12 timmars nederbörd (regn och snö). Vissa perioder 
tenderar Sundqvists kondensationsschema att överproducera nederbörden medan under andra 
perioder är det Rasch/Kristjánssons schema, som överproducerar jämfört med 
nederbördsobservationer. Jämförelser mellan Sundqvists schema och Sundqvists schema med 
Tiw visar att den senare producerar mer ackumulerad snömängd med de största skillnaderna i 
områden som avviker mest från mättnad (100 %). Där finner vi också större differenser 
mellan den vanliga temperaturen och Tiw. Skillnaden blir större när vi ökar den totala tiden för 
ackumulerad snömängd men dessa värden blir då också svårare att verifiera med snöanalyser 
från MESAN. Detta då snöanalyserna bygger på skillnader mellan aktuell och föregående 
observerade snödjup. Detta behöver ej alls vara lika med den verkliga mängden nysnö som 
fallit, speciellt under mätperioder då det är plusgrader. Avvikelser från snöanalyserna kan 
noteras i både Sundqvists schema och Sundqvists schema med Tiw.  I vissa regioner är dock 
snöprognosen från den senare något bättre. Det fysikaliskt korrekta värdet av Tiw = 0ºC som 
smältgräns mellan regn och snö istället för den vanliga temperaturen, utgör grunden för 
intressanta framtida studier beträffande nederbörd och nederbördstyp.                     
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1. Introduction 
 

To decide whether the type of precipitation will be rain or snow as it reaches the earth’s 
surface is not always a simple task for the operational meteorologists. Accurate precipitation-
type forecasts are essential in many areas of our modern society and therefore there is a need 
to develop proper working methods for snow clearing at airports and government road 
departments. Numerical weather prediction models (NWPs) are being used in weather 
forecasting and they grow more important with outputs that better agree with reality, as the 
computers are becoming more powerful. High resolution limited area model (HIRLAM) has 
been used to study precipitation and type of precipitation during different weather situations. 
 
The aim with this master thesis is to investigate different kinds of schemes in the 3-D 
HIRLAM for accurate precipitation-type forecasts. Three synoptical cases have been 
investigated: southern Sweden in October 2002, where some regions received an accumulated 
snow depth of some decimetres and two cases during April, 2003.  
 
Observations and three different condensation schemes are compared to each other. These are 
Sundqvist’s condensation scheme (Sundqvist, 1988), Sundqvist’s condensation scheme with a 
small modification and finally Rasch/Kristjánsson´s scheme (Rasch/Kristjánsson, 1998). 
Sundqvist’s scheme is the only one that takes into account the latent heat of melting when the 
snow melts. Sundqvist’s condensation scheme with a small modification is here referred to as 
Sundqvist with the implementation of the isobaric wet bulb temperature (Tiw). A subroutine 
has been introduced in the part of the Sundqvist scheme which takes melting into 
consideration. This subroutine calculates the wet-bulb temperature, which has been shown to 
be a better discriminator of the precipitation-type than the ordinary temperature. Thereafter 
Tiw is set to equal the freezing point (0 ºC) to determine when melting begin. Anomalies from 
observations are being briefly discussed. One basic question is: 
 
Can we achieve better precipitation-type forecasts with this modified version of Sundqvist’s 
scheme? 
 
In the following it is focused on those parts in the 3-D HIRLAM which are essential for 
deciding the phase of the precipitation. Articles concerning this subject have been studied in 
order to get knowledge in the different problems which can appear when forecasting 
precipitation phase and to understand what kind of different physical processes must be 
considered.    
 
Model simulations have been performed at the Swedish Meteorological Hydrological institute 
(SMHI) in Norrköping.   
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2. Theory 
 

Several different mechanisms can occur in the atmosphere which affect the temperature of the 
surrounding air of the precipitation particle and hence influence the precipitation type. These 
can be horizontal and vertical temperature advection, vertical mixing/surface fluxes, deep 
moist convection, atmospheric radiation, horizontal mixing and different latent heating 
effects. This study will focus on the latter of these mechanisms. Among the latent heating 
effects we can discriminate between two major types, melting effect and cooling by 
evaporation/sublimation. 
 
2.1 Different latent heating effects 
 
2.1.1 Melting effect 
 
Melting effect is a physical latent heating effect and occurs when snowflakes melt and hence 
subtract heat from the surroundings. A consequence of this is a decrease of the temperature of 
the surrounding air and surface of the snowflake. This is well described in a paper by Kain et 
al., 2000 referring to a case in Tennessee. The cooling tendency can in some weather 
situations (when other processes associated with temperature tendencies are relatively small) 
create an isothermal layer with a temperature of 0 ºC and hence change the precipitation type 
to snow or just conserve the precipitation in its solid phase. This melting layer is often several 
hundred meters deep and involves melting of all precipitation. In contrast to evaporation and 
sublimation, cooling by melting is an order of magnitude smaller and the process is a 
complete process. Evaporation of precipitation on the other hand continues when precipitation 
has reached the ground, and is therefore an incomplete process in the atmosphere. The case in 
Tennessee describes the surprising switch from rain to snow due to this melting effect 
between the third and fourth of February 1998. 
 
 The melting layer can also be a trigger of convection (Ødegaard, 1996).   
 
A numerical weather prediction model, mesoscale model 5th generation (MM5), was used to 
simulate the situation in Tennessee in a post-event analysis to verify the hypothesis that the 
melting effect was responsible for the atmospheric cooling. This caused the wide spread 
heavy snowfall that occurred. Since this study focuses on the precipitation type, the 
temperature of the environmental air through which the precipitation propagates is 
fundamental. Following equation was used in the MM5 model to calculate the temperature 
change in each horizontal and vertical grid point: 
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hadv-  horizontal advection  conv- convection 
vadv-  vertical advection  arad- atmospheric radiation 
lath-   latent heating  hmix- horizontal mixing  
vpl-                vertical mixing/surface fluxes 
  
The sum on the right hand side of the equation is the total temperature tendency which 
consists of several different processes that influence the local temperature. The MM5 model 
focused on the first four terms. The convection term was not included in the simulation and 
the two last terms, atmospheric radiation and horizontal mixing, were negligible. 
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The remaining four terms can be illustrated through the time height cross section of MM5-
simulated temperature tendencies illustrated in figure 1. 
The influence of the melting term can clearly be seen (figure 1 f) on the temperature tendency 
in the plot involving all the terms. 
This shows that it was possible to make the melting effects clear in this weather situation 
which occurred in Tennessee. 
 

 

 
 
 
Figure 1.  Time height cross sections from the MM5 show simulated temperature tendencies over 

Crossville in eastern Tennessee. (a) horizontal advection, (b) vertical advection/adiabatic effects, 
(c) latent heating exclusive melting term, (d) turbulent mixing/surface fluxes, (e) melting, (f) all 
terms. Dotted lines mean negative cooling tendency, solid lines mean positive tendencies. (From 
Kain et al., 2000)  

 
The melting effect can clearly be seen (figure 1 e) as the cooling layer propagates downward. 
In this case the melting term is sufficiently large to dominate over all other effects. This can 
be seen in the plot that involves all terms responsible for the temperature change (figure 1 f).  
 
Why does this melting layer behave in this way, that is, propagate downwards with time? 
 
When precipitation is formed and has reached such a mass that it begins to fall down, melting 
of the precipitation starts when entering saturated air above freezing temperature. This 
melting process involves all precipitation. The transformation from solid to liquid phase 
requires heat and the heat is taken from the nearest surroundings.  A result of melting is a 
cooling effect which lowers the temperature of the air. As long as the melting continues more 
and more snowflakes will be able to penetrate deeper and deeper before melting completely. 
This melting induced cooling will remain as long as there are temperatures above freezing and 
cease immediately when melting stops. In other words the effect of melting creates an 
isothermal layer around 0º C which can be several hundred meters deep. If the lowest part of 
this layer is sufficiently close to the ground we can have snowfall there. Therefore in the 
Tennessee case, the melting effect was sufficiently strong so that the melting layer could 
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penetrate close to the surface and thus causing a surprising turn-over from expected rain to 
unexpected snow. 
 
Decisive for the precipitation type is the temperature which is governed through the 
temperature tendencies. As could be seen from the equation 1, several other temperature-
regulating factors are involved. But in this section the focus is on the melting effect. A natural 
question is then; when can we expect that this can essentially influence the precipitation-type 
at the surface?  
 
Some situations when melting needs to be taken into account are the following: 
 

• Weak temperature advection in low levels. 
 
• Steady rainfall of at least moderate intensity that is expected to persist several hours. 

 
• Surface temperatures that are not far from the freezing value when the precipitation 

starts. 
 

• The sub cloud layer is near saturated (low evaporation). 
 
Temperature advections in low levels make it difficult to discern which part of the cooling 
comes from the advection part and which one comes from melting. Furthermore, the melting 
process is a second-order contributor to atmospheric temperature tendencies compared to 
other adiabatic and diabatic effects.  Areas of weak advection are therefore favourable for the 
melting effect. Melting needs precipitation in ice/snow phase. The more precipitation that 
falls, the more pronounced are the effects. Melting is therefore proportional to both intensity 
and duration of precipitation. There is of course a limitation of how much this latent heating 
effect is able to lower the temperature; this is usually an order smaller than other latent 
heating effects such as evaporation and sublimation. One criterion for this is having a layer 
below the clouds that are near saturated and therefore low evaporation. The case from 
Tennessee indicates that: 
 

• Cold advection was insufficient to lower temperature to freezing. 
 
• Temperature decreases only in regions where there was a persistent precipitation. 

 
• Near freezing isothermal layer between 850-925 hPa.  

 
• Radar bright band was observed connected to the top of the region where melting was 

active and was progressively moving towards lower elevations which could be seen in 
the observed shrink of the band with time. 

 
• Surface observations showed temperature falling to 0º C but no lower, a direct result 

of the melting. 
 

• Breaks in the precipitation caused cooling to cease.  
 
 
 
 
 



 9

Derivation of a simple rule of thumb for calculating the melting layer (From Kain et al., 
2000) 
 
This ‘simple’ rule of thumb was derived and used in the post-analysis of the event in 
Tennessee. Start with the first law of thermodynamics. Energy is conserved in a thermo- 
dynamical system. 
 

0=∂−∂+∂ ifvvp qLqLTC    (2) 
 (a)          (b)       (c) 

 
pC  -   Specific heat capacity in constant pressure. 
T∂ - Change in air temperature. 

vq∂ - Change in water vapour specific humidity. 

vL - Latent heat of vaporization. 

iq∂ - Change in ice mixing ratio. 

fL - Latent heat of fusion. 
 
The terms (b) and (c) in equation (2) represent condensational warming and melting induced 
cooling in the column. 
These tendencies occur within a single column and an Eulerian framework (i.e. a fixed 
column) is used.  
As mentioned above the impact of melting is most prominent when the air is saturated or near 
saturated. This tends to produce a supersaturated environment because of the cooling 
associated with the melting. Thus there will be an attempt to reach saturation through 
condensational warming which partially offsets the effects of melting. 
Amount of condensation that occurs will be dependent on the change in the rate of change in 

saturation specific humidity as a function of temperature 
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After rearranging the terms in (2) we get: 
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Further simplification can be made by the assumption, that all of the melting precipitation 
reaches the surface as precipitation. 
If we apply this assumption the following approximation can be done. 
 

P
Dqi ∂
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Where the depth of the accumulated precipitation is D and the depth of the melting layer 
is P∂ . Now all terms in equation (4) can be calculated.   
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ambient pressure P ≈  950 hpa.  
Calculating this and rearranging of the terms yields 
 

D (cm) ≈  
193

PT ∂×∂−  or in inches D (in)
500

PT ∂×∂−≈    (7) 

 
Example of this is that if the wet-bulb temperature is 2.5 º C and the thickness of the melting 
layer is approximately 200 hpa this melting layer would be disappeared by around 2.6 cm of 
accumulated precipitation. 
There are a lot of theoretical assumptions here that should be taken into consideration when 
trying to validate this rule of thumb. 
 
2.1.2 Cooling by evaporation/sublimation 
 
The second cooling agent is evaporation. Cooling by evaporation is usually an order of 
magnitude larger than the melting effect. Immediately when precipitation reaches sub- 
saturated air, evaporation begins. This is due to differences between saturation vapour 
pressure between the precipitation particle (snow, rain or sleet) and the surrounding air. When 
there is sub-saturated air, the saturation vapour pressure over the particle’s surface is greater 
than the environmental and hence fluxes of latent heat to the neighbour regions occur. Heat 
required for the transformation from water to vapour is taken from the environmental air and 
hence the cooling. This latent heat flux is proportional to both intensity of precipitation and 
relative humidity i.e. higher intensity and dryer air mean larger evaporation. 
Evaporation plotted against time shows an exponential decrease with time with the largest 
value during the first two hours and thereafter when air reaches toward saturation, evaporation 
slowly converges to zero and temperature approaches its wet-bulb value (Lumb, 1961).    
Tiw, wet-bulb temperature which means the temperature in a parcel of air that has been 
adiabatically in an isobar process been cooled to saturation. The required heat energy is taken 
from the environment. A more detailed description of this can be found in the appendix where 
the derivation of Tiw is treated. The relative humidity that governs the evaporation rate is also 
a description of the air mass feature. This can be very significant during spring-time in 
Sweden when entrainment of dryer air is not unusual, which means several degrees of 
difference between dry and wet-bulb values.  Relative humidity must thus be considered if the 
temperature at surface is several degrees above the freezing point and when there can be a 
wet-bulb value near freezing with snowfall at the surface as a result. An example of the 
importance of relative humidity when forecasting precipitation-type is shown in the figure 
below (figure 2) which shows the surface relative humidity plotted against surface air 
temperatures (Matsuo and Sasyo, 1981).  
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Figure 2. Surface relative humidity plotted against surface air temperature for several precipitation events 

in Wajima, Japan (Matsuo and Sasyo, 1981). The dotted circle represents extreme values during 
quite dry conditions when snowfall occurred despite several degrees above freezing. Snowfalls 
are marked with a cross symbol, rain with a circle and sleet with a dot on the cross symbol. 

   
Figure 2 clearly demonstrates that surface temperatures above freezing are not necessarily an 
indicator of the phase of the precipitation at surface. Decreasing relative humidity increases 
the possibility for snow to survive all the way down to the surface during conditions when 
surface temperatures are above the freezing point.   
This is closely connected to the important role of the wet-bulb value as a true indicator in 
deciding the precipitation phase at the surface. A further test of Tiw’s importance as a deciding 
factor for an accurate precipitation-type forecast is to analyse the effects of this value in a 
numerical weather prediction model, which will be done later in this thesis. A derivation of 
Tiw based on the fundamental thermodynamically equation; the conservation of heat in an 
adiabatic system is performed in the appendix.   
 
2.2 A description of the NWP model used in the experiments 
 
Numerical weather prediction models in modern weather prediction are a common and 
helpful tool in making accurate forecasts. NWP models are based on the governing physic 
laws that describe the atmospheric motions from the surface up to upper troposphere. Many 
aspects must be taken into consideration which requires a lot of computational power. Here 
the High Resolution Limited Area Model (HIRLAM) was used with focus on the part of the 
physic parcel which treats clouds and condensation necessary for creating precipitation, and 
the part in it which the melting is calculated. Sundqvist has played an important role in the 
evolution of the HIRLAM model when he introduced his condensation scheme in 1988 
(Sundqvist, 1988). This takes into account several important processes in the creation of 
clouds and precipitation. Some of them are: 
 
 

• Cloud water  
• Coalescence process 
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• Ice creation processes 
• Amount ice/water in the cloud 
• Evaporation of precipitation 
• Melting of precipitation 

 
The fact that melting of precipitation is taken into consideration, the model will give 
precipitation type as one output parameter. This will be examined during the experiments with 
the wet-bulb temperature used as melting temperature. The new schemes used in today’s 
HIRLAM are based upon his works. At first, an overview of the different condensation 
schemes used in the operational HIRLAM will be discussed. 
 
2.2.1 Clouds and condensation in HIRLAM  
 
NWP model developers face the challenge to achieve better cloud and condensation schemes 
down to a horizontal resolution scale of five kilometres. But still there is a need of  
parameterizations of smaller scale activities in the cloud and precipitation forming processes 
(HIRLAM-5 Scientific Documentation, Dec. 2002) If these parameterizations can be 
improved, forecasts concerning clouds and precipitation will also be better. Some important 
aspects are the following: 
 
There are two condensation schemes in operational HIRLAM based on the work of Sundqvist 
(Sundqvist, 1988) and both use cloud condensate as a prognostic variable. 
 

• Sundqvist(original) condensation scheme 
• Rasch and Kristjansson (RK) condensation scheme for larger scale condensation. This 

scheme is a further development of Sundqvist and Kain and Fritsch( originally for 
mesoscale) 

  
Sundqvist original condensation scheme takes into account several important physical 
processes in the atmosphere mentioned in the beginning of section 2.2. Calculation of the 
condensation is performed with an explicit scheme that makes the scheme react very quickly. 
Therefore there is a slight risk for numerical noise but this has not been any large practical 
problem. Relative humidity is used in the parameterizations of evaporation. Bergeron-
Findeisen effect is regarded in this scheme which is omitted in the Rasch/Kristjánsson 
scheme. This effect can be described as growth of the ice particles in expense of the rain 
droplets in regions were ice crystals and water droplets coexist. Bergeron-Findeisen effect 
exists in the temperature interval 232-273 K (Sundqvist, 1993).    
 
Rash-Kristjansson scheme is based on the work of Sundqvist (1988) and it uses specific 
humidity instead of relative humidity in the calculations. Condensation and evaporation 
processes are close to that of Sundqvist but microphysics (condensate into precipitation) 
differs from Sundqvist.  
 
Cloud fraction parameterization 
 
Diagnosis of cloud cover is computed preceding the condensation process which follows a 
standard Community Climate Model version 3 (CCM3) formulation (Rasch/Kristjánsson, 
1997 here abbreviated as RK). Cloud fraction depends on relative humidity, vertical motion, 
static stability and convective properties. Cloud fraction must be at least one percent when 
relative humidity exceeds 99 percent. 
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Condensation rate 
 
Parameterization of the transformation from water vapour into condensate is essential 
identical between Sundqvist and RK.  
 
The procedure is the following:  Start with the tendency equations. The grid box is divided 
into a cloud free part and a cloudy part. Take the time derivative of these equations and make 
some suitable substitutions. This means applying the expressions of time changes in specific 
humidity, temperature and cloud condensate. These expressions include advection, radiative 
forcing, convection, evaporation and condensation (Q-E). Q and E denote condensation and 
evaporation respectively. The difference, Q-E means the available amount of condensate in 
the cloud volume studied that needs to be parameterized in the equations.  
Apply closure assumptions to approximate the equations and thereafter (Q-E) can be 
calculated (pp 34-35 in HIRLAM-5 Scientific documentation). The evaporation, E of the rain 
that appears in the expressions can be calculated from parameterization of microphysics. 
 
2.2.2 Parameterization of cloud microphysics 
 
In the following the RK parameterization is described. Four types of condensate can be 
identified.  Suspended ice/liquid and falling ice/liquid. Precipitation is snow when the 
temperature is below freezing. Ice phase increases linearly between zero and minus 20. Five 
processes as mentioned above convert condensate into precipitation. 
 

1. Auto conversion 
This means that cloud drops collide locally to form precipitation particles 
 
2. Coalescence 
Collection of cloud liquid water by falling rain particles 
 
3. Local production of ice 
This means a conversion of ice to particles, with sufficient mass to reach a fall speed 
relative to air. 
 
4. Ice collecting rain 
 
5. Ice collecting snow 

 
E(r), evaporation as a function of relative humidity is parameterized. 
(Note: all snow assumes to melt in the free atmosphere when temperature >0 and at the 
surface when temperatures are between zero and one degrees Celsius) 
 
The treatment of precipitation phase at surface is quite simple in Rasch/Kristjánsson. Surface 
temperatures above one degree combined with precipitation results in predicted rain. Below 0 
ºC the precipitation is snow and between 0 ºC and 1 ºC there is a linear combination of both 
phases. 
 
The assumption of the ordinary temperature used as an indicator when snow starts to melt will 
be changed in our modified Sundqvist scheme to the more physical important wet-bulb 
temperature as a limit when melting begins. These results will be presented in section 3. 
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2.2.3 Melting process described in Sundqvist condensation scheme 
 
Sundqvist condensation scheme is the only one that explicitly calculates melting and takes the 
latent heat of fusion into account when the melting process is being calculated. This additional 
heat requirement for the phase transition from ice/snow to liquid phase is being excluded in 
the condensation schemes used today in the operational HIRLAM. Treatment of ice phase 
melting in Sundqvist condensation scheme (Sundqvist, 1993): 
   

2/1
0 )( PTTkS meltmelt −=        for  T> 0T , 0T =273 K  (8) 

 
      
  meltk = melting constant ( 5105 −• ) 
  T     = temperature  
  0T    = melting temperature (=273 K)  
  P     = intensity of precipitation  
                      meltS = melting rate   
  
As can be seen from equation (8) melting is dependent of both temperature excess and 
intensity of precipitation. This has been mentioned earlier, but important to notice is also the 
crucial choice of the melting constant in determining the correct precipitation type, meltk  will 
have a strong influence on the precipitation that reaches the ground. The prescribed value of 
this constant is being used during the experiments. 
 
2.2.4 Implementation of a subroutine for calculation of the wet-bulb temperature                                

 in the Sundqvist condensation scheme. 
 
The importance of Tiw when considering precipitation phase at surface can be graphically 
shown (Häggmark and Ivarsson, 1997).  
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Figure 3. Synoptically observed frequency snow/rain at surface plotted against different values of Tiw. The 
smooth curve is an interpolation of the synoptic values.  
 
From the figure 3 it can be seen that over 50 % of the occasions when snow has been reported 
there have been wet-bulb temperatures around one degrees and lower. These temperature 
values above zero degrees at ground, when snow was observed are just an indicator that the 
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snowflakes haven’t melted completely so that their phase is still in solid form. The melting 
limit is still at the physical correct value of Tiw = 0º C. Sundqvist’s condensational scheme 
uses the temperature, 0T  in equation (8) as a limit when melting starts. In the experiment 
presented here, 0T  in equation (8) is replaced by Tiw. An iterative method is used for the 
calculation of Tiw, see appendix. 
 

3. Results 
 

The precipitation and the precipitation type forecasts are being tested using the different 
condensational schemes mentioned earlier. These are compared to observations. A brief 
comparison between the model results and the common rules of thumb used in operational 
forecasting to decide the correct phase of the precipitation is also performed.  
 
Three different weather situations were studied. These can be referred to as case 1, case 2 and 
case 3. A short description of the synoptical situations for these three cases is given below. 
 
Case 1 An exceptional early heavy snowfall event occurred during 18-19 October 2002 over 
large parts of Götaland in southern Sweden.  It was generated during the afternoon 18th over 
the western parts of Götaland and its later amplification was probably due to involvement of 
colder air at higher altitudes. This allowed more clouds to be created and this precipitation 
area was later grown together with another low pressure system. This low pressure centred 
over Sjaelland in Denmark moved eastward. An analysis from Bracknell gives an overview of 
the synoptically situation on 19 Oct at 00UTZ.  
 
 
 
 
 

 
 
 
 
Figure 4. The synoptic situation during the snow event on 18-19 October 2002. This analysis is from 19 October 
at 00UTC. The arrow in the figure indicates the direction of the low pressure centre. 
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Case 2 Precipitation associated with a north-south front system with its low pressure centre 
located in the southern parts of Sweden is moving southeast wards. Especially the area where 
there is a turn-over from rain to snow is interesting. This area is located over eastern and 
northern Svealand. This event occurred during 1-2 of April 2003 and gave some accumulated 
snow in some regions over Svealand and Norrland. A Bracknell analysis for the actual case is 
shown below in figure 5.  
   
 
 

 
 
Figure 5. The synoptic situation during the snow event on 1-2 April 2003. This analysis 
is from April 2nd 00UTC. The north-south front can clearly be seen over Scandinavia. 
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Case 3 A cyclone was moving towards west over the Baltic sea with its associated front and 
precipitation system. These systems are quite rare because of their easterly direction instead 
of the more common westerly and south-westerly paths. When the precipitation system 
reached the eastern and central parts of southern Sweden it created substantial amounts of 
snow, especially in the eastern regions south of Stockholm. A similar analysis from Bracknell 
as the two cases above is shown below in figure 6.  
 

 
 
 
 
Figure 6. Bracknell analysis from the precipitation event during 9-11 of April 2003.  This low pressure system is 
mowing toward southern parts of Scandinavia. Analysis from April, 9th 00UTC is shown here. 
 
 
3.1 Case 1 18-20 October, 2002 
 
Precipitation and snow accumulation are being examined between the different schemes and 
compared to each other and to observations. The following figures below show the results 
from the runs with the different condensation schemes. The coloured model intervals are 0.1-1 
mm, 1-5 mm, 5-10 mm, 10-20 mm, 20-40 mm and finally 40-80 mm. Results and discussions 
from the runs follow later on.    
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Figure 7.1 Rasch/Kristjansson: 12-hr total precipitation (a) and accumulated snow (b). Model results are 
coloured and the numbers on the maps are observed 12-h precipitation.  Valid 06 UTC 19 October 2002. 
 

 
Figure 7.2 Sundqvist: See figure 7.1 for explanation. 
 

)(a )(b

)(a )(b
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Figure 7.3 Sundqvist with Tiw: See fig 7.1 for explanation. 
 
 

                                          
 
 
Figure 7.4 Surface relative humidity (a) and surface temperatures (b) using Sundqvist with Tiw. Valid 06 UTC 19 
October 2002. 
 
 

)(a )(b

)(b)(a
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Figure 7.5 Dew point temperatures (a) and 850 hPa temperatures (b) using Sundqvist with Tiw. Valid 06 UTC 19 
October 2002. 
 
3.2  Case 2 1-2 April 2003 
 
The only difference to case one is that the 3-hr snow accumulation is plotted and compared to 
observations in Sundqvist original and Sundqvist with Tiw 

 
Figure 8.1 Rasch/Kristjansson: 12-hr total precipitation (a) and 12-hr accumulated snow (b). Model results are 
coloured and the numbers on the map are observed 12-h precipitation. Valid 06 UTC 2 April.  

)(a )(b

)(b)(a
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Figure 8.2 Sundqvist: 12-hr total precipitation (a) and 3-hr accumulated snow (b). Model results are coloured and 
the numbers on the map are observed 12-h total precipitation. Valid 06 UTC 2 April.  

 
Figure 8.3 Sundqvist with Tiw: 12-hr total precipitation (a) and 3-hr accumulated snow (b). Model results are 
coloured and the numbers on the map are observed 12-h total precipitation. Valid 06 UTC 2 April.   
 
 

)(a

)(b)(a

)(b
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Figure 8.4 Analyse of 3-h snow accumulation (cm). Valid 06UTC 2 April 2003.  
 
 
 
 

                 
 
Figure 8.5 Surface relative humidity (a) and surface temperatures (b) using Sundqvist with Tiw. Valid 06UTC 2 
April 2003. 
 

)(b)(a
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Figure 8.6 Dew point temperatures (a) and 850 hPa temperatures (b) using Sundqvist with Tiw. Valid 06UTC 2 
April 2003. 
 
 
 
 
3.3 Case 3 9-10 April 2003 

  
Figure 9.1 Rasch/Kristjansson: 12-hr total precipitation (a) and 12-hr accumulated snow (b). Model results are 
coloured and the numbers on the map are observed 12-h precipitation. Valid 06UTC 10 April 2003.  

)(b)(a

)(b)(a
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Figure 9.2 Sundqvist: 12-hr total precipitation (a) and 3-hr accumulated snow (b). Model results are coloured and 
the numbers on the map are observed 12-h total precipitation. Valid 06UTC 10 April 2003.   

 
Figure 9.3 Sundqvist with Tiw: 12-hr total precipitation (a) and 3-hr accumulated snow (b). Model results are 
coloured and the numbers on the map are observed 12-h total precipitation. Valid 06UTC 10 April 2003.    
 
 

)(b)(a

)(b)(a
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Figure 9.4 Analysis from MESAN of 3-h snow accumulation (cm). Valid 06UTC 10 April 2003.  
 
 
 

                  
 
Figure 9.5 Surface relative humidity (a) and surface temperatures (b) using Sundqvist with Tiw. Valid 06UTC 10 
April 2003. 

)(b)(a
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Figure 9.6 Dew point temperatures (a) and 850 hpa temperatures (b) using Sundqvist with Tiw. Valid 06UTC 10 
April 2003. 
 
3.4 Analyses of the different runs 
 
In figure 7.1a the horizontal extension of the precipitation connected to the front over the 
southern parts of Sweden (case 1) can be viewed. Rasch/Kristjánsson condensation scheme 
implemented in HIRLAM tends to underestimate the values of total accumulated precipitation 
but it covers the precipitation area well. The accumulated snow (figure 7.1b) is concentrated 
over the inner parts of Götaland and this is also in agreement with the observations of 
maximum snow depth during the period 18-19 October, 2002 (not shown here). Sundqvist’s 
condensation scheme (figure 7.2a) gives larger amounts of both accumulated precipitation and 
accumulated snow (figure 7.2b) during this 12-hr period. The total amount of precipitation in 
Sundqvist with Tiw (figure 7.3a) is unchanged compared to Sundqvist original. The small 
modification done in the Tiw case should only affect the snow amount in the model and not the 
total precipitation. In figure 7.3b a slightly more northward and eastward extension can be 
obtained in the area concerned. Studying the relative humidity (figure 7.4a) predicted by the 
model, this snow area region is close to saturation with wet-bulb temperatures and ordinary 
temperatures close to each other which means in practice slight differences between the 
schemes.  
 
The trend from the first case that Sundqvist’s scheme (figure 7.2a) produces larger amounts of 
precipitation compared to Rasch/Kristjánsson is valid also in the second case. Practically all 
parts of Sweden are covered by this precipitation area from the northerly-southerly front 
passage. Rasch/Kristjánsson (figure 8.1a) shows a quite good agreement with precipitation 
observations but local differences occur. The run with Sundqvist’s condensation scheme 
(figure 7.2a) are overestimating the amount of precipitation in some regions in the northern 
parts of Sweden. Model results from both Sundqvist and Sundqvist with Tiw (figure 8.2b, 
8.3b) don’t cover the areas covered by new snow in the middle parts of Sweden seen in the 3-
hr snow analyses from mesoscale analysis, MESAN (figure 8.4). Be aware that a direct 

)(b)(a
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comparison to MESAN data is not performed here in the Rasch/Kristjánsson scheme due to 
lack of model data. Instead the focus is on the two Sundqvist schemes and their agreements to 
snow analyses.  
 
In the third case the precipitation covers the southern parts of Sweden with maximum 
precipitation in the eastern parts of Svealand and Götaland (figure 9.1-9.3). This low, 
responsible for this precipitation area, was following a south-westerly track and hence the 
eastern parts of the country were affected. The maximum of this 12-hr accumulated 
precipitation in all three tested schemes are slightly north easterly displaced compared to 
observations. The predicted area with precipitation above 10 mm is too large in all three 
schemes. A comparison with the Sundqvist and Sundqvist with Tiw to the MESAN analysed 3-
hr snow shows generally relatively good agreement but the over-production of snow in the 
inner parts of Svealand is obvious.     
         
3.5   Comparison between the different condensation schemes 
 
How do these different condensation schemes differ from each other? Total precipitation 
amount given by the respective scheme and total snow amount will be investigated and the 
influence of other parameters such as temperature and relative humidity will also be 
discussed.  
 
3.5.1 Total 12-h precipitation 
 
The tendency throughout these three cases is that Sundqvist condensation scheme produce the 
largest amount of precipitation among the three schemes but does not always agree best with 
observations. In case one and two the scheme produces too large amount of precipitation. In 
case three, the agreement is better and here the maximum precipitation amounts is also less 
than in Rasch/Kristjánsson. 
 
3.5.2 Accumulation of total 3-h and 12-h snow 
 
An obvious tendency can be seen between the different schemes used in the experiments. 
Sundqvist condensation scheme with the implementation of the wet-bulb value equal to 0 ºC  
as a limit when melting of the snowflakes/ice particles begin, (referred to as Sundqvist with 
Tiw) produces the largest amounts of snow in all three scheme types. This is obvious in all 
three weather situations which have been studied. In Sundqvist’s scheme there are slightly 
lower surface temperatures at some places compared to Rasch/Kristjánsson. A possible 
explanation for this can be due to the heat required for the melting process calculated in 
Sundqvist’s condensation scheme. The heat required lowers the surface temperatures and 
enhancement of snow production is a result.  
The difference in the production of snow in ‘Sundqvist with Tiw’ compared to Sundqvist 
increases with decreasing relative humidity. In saturated or near saturated conditions, when 
the wet-bulb value is close to the ordinary temperature this modified version of Sundqvist is 
almost identical to the original one and therefore no differences in their outputs. Higher values 
of the accumulated snow and its extension in Sundqvist and ‘Sundqvist with Tiw’ agree better 
with observations compared to Rasch/Kristjánsson. 
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3.6         A brief comparison to common rules of thumb in deciding whether the  

        precipitation will be snow or rain. 
 
Some guidelines in precipitation-type prediction are applied and shown below. If there is 
precipitation and some of the following criteria are fulfilled, snow is probable. These rules of 
thumbs are taken from Prognoshandboken (ProgH, 1997). 
 

• 850 hpa temperatures below -5 ºC 
• Dew point surface temperatures below 0 ºC 
• Surface air temperature less than 1,5 ºC - 2,0 ºC (rain sleet→ ) 
• Wet bulb temperatures below 2 ºC 
• Surface temperatures below 3 ºC  
• Height of the 0 ºC isotherm less than 400 m.  

       
The model results gave, in areas where it predicted snow, values that agreed quite well with 
the guidelines mentioned above (compare figure 7.3b to 7.6a for Td etc). This is only a rough 
comparison and to verify these mentioned rules of thumbs another technique with different 
types of data than used in this experiment is needed (air sounding data etc.). Large anomalies 
in the model from these rules of thumbs cannot be seen. The different schemes being tested 
did not show any individual large discrepancies between each other in any parameter.     
 
4 Summary and conclusions 
 
A study of precipitation and precipitation type has been performed during this work. 
Important factors decisive in determining the correct phase of the precipitation have been 
examined. Focus has been on the effect of the two major latent heating effects, cooling by 
melting and cooling by evaporation/sublimation. 
 
Decrease in temperature due to melting occurs, when heat is subtracted from the surrounding 
air as the melting of the snowflakes/ice particles takes place. This affects both the temperature 
of the solid particles and the temperature of the adjacent air. The required heat for this process 
needed to transform the particles from solid to liquid phase is directly taken from the air close 
to the frozen particle. This phenomena is well described in Kain et al.(2000) Where the 
cooling due to the melting effect was responsible for a surprisingly turn-over from expected 
rain to unexpected heavy snowfall in some regions in eastern Tennessee in the United States. 
A simulation performed with the MM5 model used in the post-event analysis of this event to 
show the layer where this melting was active and how this layer propagated downwards with 
time (figure 1e). Some situations when the melting effects need to be taken into consideration 
are also mentioned such as saturated sub cloud layer and weak temperature advections at low 
levels etc. A simple rule of thumb is given to calculate this melting layer based on the 
fundamental thermodynamic laws (equation 7).  
 
The second latent heating effect, when heat (for the transformation from solid to gas phase or 
liquid to gas) is subtracted from the nearby air and hence a cooling tendency will result. 
Important factors governing evaporation and sublimation are intensity of precipitation and 
relative humidity. Evaporation and sublimation are proportional to relative humidity. A graph 
(figure 2) is displayed to exhibit the importance of relative humidity to precipitation phase. 
Dryer air conditions increase the potential for snow reaching the surface before melting 
completely and this means that the wet-bulb value (Tiw) is critical in deciding the correct 
phase of precipitation (derivation of Tiw is given in the appendix).              
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A numerical weather prediction model (3-D HIRLAM) has been used to study three weather 
situations in Sweden. The model physics are briefly being mentioned and especially the parts 
that treat condensation and precipitation. Different condensation schemes are being used and 
precipitation and its phase are compared between the schemes. Two different main schemes, 
are used, Sundqvist and Rasch/Kristjánsson and one modified version of Sundqvist, here 
called Sundqvist with Tiw.  
In this modified version of Sundqvist a subroutine was implemented in the condensation 
scheme where melting is treated (equation 8) and the ordinarily melting temperature was 
substituted by the physically more correct wet-bulb temperature to see if the snow forecasts 
would improve. This change doesn’t affect the total precipitation amount only the snow 
production in the model. 
 
In order to see their validity, precipitation and precipitation phase from the different schemes 
are compared to observations and snow analyses. Results show that there are some differences 
between the two main schemes but only slight differences between Sundqvist and Sundqvist 
with Tiw. This is due to near saturation in the regions where snow is predicted and hence small 
deviations between the two schemes. In dryer areas the differences would be larger. Snow 
accumulation between Sundqvist and Sundqvist with Tiw are compared to 3-hr snow analyses 
from MESAN. There are slightly larger amounts of snow in the Tiw version of Sundqvist 
compared to the original one. The variations are larger if we increase the time period from 3 
hours to 12 hours but the comparison to MESAN snow analyses would be more difficult 
because it only calculates change in snow depth not newly fallen snow. This can be a problem 
if there are surface “above freezing” air temperatures.  If a shorter time period is chosen, there 
is a greater possibility to get a more correct value of precipitated snow which can be 
compared to the accumulated snow amount from the model. Therefore 3-hr intervals are 
chosen for a direct comparison to the analyses.   
 
Neither of the schemes predict the snow receiving areas correct and deviations from the snow 
analyses can be seen from both Sundqvist and Sundqvist with Tiw. But Sundqvist with Tiw 
represents a physically more correct melting treatment, at least when considering the value of 
Tiw equal to zero as a limit when melting begins. Further work concerning this topic is needed 
and with more cases, and results from the new treatment of the melting temperature, new 
hopefully better agreed accumulated snow model outputs will improve precipitation-type 
forecasts.         
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Appendix 
 
 
Derivation of Tiw 
 
When precipitation fall through sub-saturated air it evaporates and this heat necessary for this 
phase transformation is taken from surrounding air. This means that cooling of the 
atmosphere due to this evaporation cease when the air is being saturated and then Tiw is 
reached; therefore the wet-bulb temperature plays an important role in deciding the correct 
phase of the precipitation. A well defined expression is needed for calculation purpose. 
 
Conservation of energy yields following   
 

TcQ p∂=∂                    (A1) 
 
Q – Energy (J) 
T - Temperature (K) 
 
Regarding to a parcel of air the released heat energy in the parcel will be  
 

mlQ wv∂−=∂                    (A2) 
 

l – Specific latent heat of vaporization 

m- Mixing ratio of water vapour 






d

v
M

M  

vM -mass of water vapour 

dM -mass of dry air 
 
Set (A1) equal to (A2) and integration from T to Tiw and corresponding m (T) to m (Tiw) gives 
following expression: 
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The expression for Tiw will then be 
 

iwT =T [ ])()( TmTm
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m ≈  
p
eε ; 

p
em s

s
ε≈                              (A5) 

  
 e- vapour pressure 
ε -constant  
 p-atmospheric pressure  

 
Vapour pressure is dependent on temperature and can be calculated using some of the 
empirical formulas, for instance Magnus approximate equation. Further development of this 
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expression can be done using the Clausius Clapeyron equation but (A4) will be the expression 
used in my computations of Tiw in my experiment. As can be seen from equation (A4) Tiw 
cannot be calculated explicitly and therefore a useful iteration method is used when 
calculating it, for instance creating a new function f(Tiw) putting it equal to zero and solve it 
numerically using Newton- Raphsons method. 
 
 
 
 
 
 
 
 
 
 
 
 


