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The impact of in-cloud characteristics and graupel surface properties on graupel surface temperature in the dry growth regime
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Abstract. The impact of in-cloud characteristics (effective water content, air temperature and pressure, size of freezing droplets) and graupel properties (graupel size and velocity, graupel shape) on graupel surface temperature were considered. For the calculations of graupel surface temperature the equation of Macklin and Payne, 1967 was used. The study reveals that graupel surface temperature is affected significantly by all of the studied parameters, and that at medium variation of air pressure the impact on graupel surface temperature is negligible. 
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Introduction

As a hailstone or graupel (soft hail) particle grows by riming, the latent heat released by the freezing of accreted supercooled cloud droplets locally raises the surface temperature of the collecting particles. When the liquid water content in cloud is very high the surface temperature of collecting particle may reach 0oC (see Prupacher and Klett, 1978). In such a case the subsequent rate of freezing of accreted water will depend on the rate at which the heat is transferred to the environment. This process of growth is called wet growth regime (Shumann, 1938, Ludlam, 1958). The normal rime growth process when the latent heat is small or medium, so that the surface temperature of collecting particles is lower than 0oC, is called dry growth regime.

The precise estimation of graupel surface temperature is important for the correct evaluation of graupel growth rate due to deposition of water vapor. Because the vapor diffusion growth rate is negligible in comparison with graupel growth rate by accretion of cloud droplets, in most studies when graupel grows in dry growth regime it is assumed that graupel surface has the same temperature as the environmental air. However it is accepted in the literature (see for example Saunders, 1993) that the conditions at the graupel surface (sublimation or deposition and surface growth rate of graupel by vapor diffusion) control the sign of charge transfer at non-inductive charging of ice particles. Obviously these conditions should depend on the temperature of graupel surface and it is important the precise value of graupel surface temperature and its dependence on in-cloud characteristics as well on graupel properties to be known.

The limited number of laboratory experiments does not give extensive information about the graupel surface temperature at various in-cloud characteristics and its dependence on graupel properties. As a result of a theoretical study Macklin and Payne, 1967 obtained equations, which give the relation between graupel surface temperature and graupel size, velocity, liquid water content and air temperature. Although this equation is extensively used (Saunders et al., 1991, Williams et al, 1991, Jayaratne, 1993, Johnson and Rasmussen,1992) there is a lack of information which of the factors that control the graupel surface temperature are most significant and which one may be ignored. 

The task of the present work is to examine the dependence of graupel surface temperature on in-cloud characteristics (air temperature and pressure, liquid water content and size of freezing droplets) and on graupel properties (graupel size and relative velocity and shape). The aim of the paper is to reveal the parameters that affect significantly the graupel surface temperature and those whose impact one can neglect.

Basic equations 

When a graupel particle moves through a cloud with ambient temperature Ta and is uniformly bathed in supercooled water, the temperature of graupel surface Tg is higher than the ambient air, due to the latent heat released by the freezing on graupel surface cloud droplets. Taking into account the balance between the heat released due to freezing and heat transferred to the environment by thermal and va​por trans​fer Macklin and Payne (1967) obtained the following equation:
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where EW = Ec.LWC is effective water content, Ec and LWC are the collision coefficient for cloud droplets, and liquid water content respectively. Rg is the radius of the graupel, V is the relative velocity of graupel and air, Lf and Lv are the latent heats of fusion and vaporization, Cw  and Ci are the heat capacities of liquid water and ice, Dv is the vapor dif​fu​sion coefficient , K is the thermal conductivity of air. Re, Sc and Pr  are Reynolds, Schmidt and Prandtl numbers . 
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 are the densities of water vapor at the surface of the accreting object and in the air. 
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 is the heat transfer coefficient.

The left–hand side of (1) represents the rate at which heat is being released per unit area by the freezing droplets and the right–hand side the rate per unit area at which heat is being dissipated to the environment by forced convection and evaporation.

For the latent heats, the heat capacities, the vapor diffusion coefficient and for the thermal conductivity one can use the following expressions (see Pruppacher and Klett, 1978):

 
[image: image6.wmf]3

273,15

4,19.10.597,3 J/kg

v

a

L

T

g

æö

æö

ç÷

=

ç÷

ç÷

èø

èø

, where 
[image: image7.wmf]4

0,1673,67.10

a

T

g

-

=+

 and Ta is in K, 
[image: image8.wmf]5

3,358.10 J/kg

f

L

=

),


[image: image9.wmf](

)

2

3-5o

4,19.10.1,00748,29.10 J/kg.C

wa

CT

=+

 and 
[image: image10.wmf](

)

3o

4,19.10.0,5030,00175. J/kg.C

ia

CT

=+

,


[image: image11.wmf]1,94

42

0

0

0,211.10. m/s

a

v

Tp

D

Tp

-

æö

æö

=

ç÷

ç÷

èø

èø

 , where To=273,15 K and po=1000mb.
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For the Reynolds, Schmidt and Prandl numbers:
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 are constants. 

The value of the numerical factor 
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 depends on the turbulence in the air stream and on the roughness of the surface (Macklin and Payne, 1967). For relatively smooth surfaces in the non-turbulent flow it has an average value of 0.28 for cylinders (Eckert and Drake, 1959) and 0.76 for spheres (Macklin, 1963). Avila et al. (1999) and Castellano et al., (1999) found that 
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 depends on the size of freezing droplets dv and velocity. For the calculations of 
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 they proposed the next empirical equations depending on the shape of rime target: 
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where dv is in 
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and it is the diameter of the cloud droplets in the cloud.

The densities of water vapor saturated with respect to ice and water can be  calculated by 
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 are the pressures of supercooled water vapor saturated with respect to ice and water respectively and 
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Equation (1) is a non-linear equation for graupel surface temperature and for the computation of Tg the subroutine ZEROIN from Forsythe et al., 1977 is used in this study.

Numerical experiments and results.
According to equation (1) the graupel surface temperature Tg depends directly (explicitly) on its form (sphere or cylinder), its size Rg and velocity V, on air tem​perature Ta and effective water content EW. One can see that Tg depends also on the size of freezing droplets (through
[image: image32.wmf]c

) and on the air pressure p (through Dv and 
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s

). Thus the impact of some parameters on Tg could be revealed by fixing all the other parameters and varying the proper parameters. 

For the study of the impact of in-cloud characteristics on graupel surface temperature the calculations were carried out for a sphere with Rg = 2,5 mm and relative velocity V= 3 m/s. At all calculations (with the exception of the study related to the impact of cloud droplet’s size) the radius of freezing droplets was fixed to 8(m and air pressure p= 1000 mb. In our work in all considerations we will use the effective water content EW rather than LWC. The air temperature was varied between –5 and –35 oC, and effective water content between 0.1 and 3.5 g/m3. Those values are in the limits of the values used in different laboratory experiments for non-inductive charging and are admissible for a real cloud.  In our analyses the difference between the graupel surface temperature and air temperature Tg-Ta was considered. 
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In Fig.1a and Fig.1b the temperature difference Tg-Ta as a function of Ta at fixed values of EW (Fig.1a) and as a function of EW at fixed values of Ta (Fig.1b) is given. The results show that Tg-Ta increases linearly with EW (Fig. 1b), and the line is steeper for Ta  =-15 oC. From Fig.1a one can see that at a fixed value of EW Tg-Ta has a minimum at Ta =-5 oC and Ta  =-35 oC and that with the increase of the effective water content EW, the maximum of the temperature difference between graupel surface temperature Tg and air temperature Ta moves to lower temperatures Ta. For EW=0.1g/m3 the maximum of Tg-Ta is achieved at Ta=-15oC,; for EW=1g/m3 - at Ta= -17 oC, and for  EW=2g/m3 - at Ta= -19oC. Fig.1a also shows that at fixed air temperature Ta  as a result of the increase of EW with 1g/m3 the graupel surface temperature increases approximately with 0.75ºC, while at a fixed effective water content EW there is a decrease in  Tg   with less than 0,3oC when the air temperature Ta  increases or decreases with 5oC around Ta where the maximum Tg-Ta is achieved.
 As was explained in section 2 the impact of the size of freezing droplets on graupel surface temperature Tg is taken into account by the use of the empirical equation for heat transfer factor
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 taken from Avila et al., 1999. The results
[image: image39.wmf]EW=1g/m3

0.2

0.7

1.2

1.7

2.2

2.7

-35

-30

-25

-20

-15

-10

-5

Ta[ C]

T

g

-

T

a

[

 

C

]

rd=3um

rd=8um

rd=15um

rd=20um

rd=100um

X=const (or rd=16um)


Fig.2.  The impact of the size of freezing droplets on graupel surface temperature.
 presented on Fig.2 reveal that this impact is significant for cloud droplets with a radius between 8 and 20 (m. One can see from this figure that the freezing of bigger droplets warms the graupel surface more than the freezing of smaller droplets and that the maximum values of Tg-Ta are achieved at lower air temperature when the freezing droplets are big: if the freezing droplets are with radius 8(m or smaller the maximum of Tg-Ta is almost 1.2oC at Ta=-17oC; for droplets with radius 15(m  the maximum of Tg-Ta is 1.75 oC at Ta =-18oC  and when the freezing droplets are with radius 20(m or bigger the maximum of Tg-Ta is approximately 2.3oC at -19oC. From these results one can conclude that the maximum difference in the graupel surface temperature, due to the different size of freezing droplets, is approximately 1oC and that Tg does not change significantly if the radius of freezing droplets decreases below 8(m, or if it increases above 20(m. The results also show that if we use for the heat transfer factor
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 the constant value 
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= 0.76 recommended in Macklin and Payne (1967) for a smooth sphere the results of graupel surface temperature will be very close to the graupel surface temperature calculated at radius of freezing droplets equal to 16(m .
The results on Fig 3 show that the graupel surface is warmer at lower atmospheric pressure, but the difference between the graupel surface temperature at p = 1000 mb and at p = 850 mb is less than 0,2 oC. Hence one can conclude that in the laboratory experiments one can ignore the impact of atmospheric pressure on the graupel surface temperature. At  p=500 mb, which must be interesting for real conditions in a cloud at a given altitude, the graupel surface temperature is significantly higher than at p=1000 mb.
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Fig.3.  The impact of the atmospheric pressure on the graupel surface temperature.
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Fig.4.  The influence of the shape of rime target on graupel surface temperature.
The influence of the shape of rime target (sphere or cylinder) on the graupel surface temperature is presented in Fig.4. We see that in the same environment the cylinder is warmer than the sphere with approximately 0.5oC at EW = 1g/m3 and the maximum values for Tg-Ta are achieved at lower air temperature Ta = -18oC in a case of cylindrical graupel than in the case of spherical graupel (the maximum values of Tg-Ta is at Ta  =-17 oC.).
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Fig.5.  The influence of the size of the graupel on its surface temperature.
The influence of the size and relative velocity of graupel are demonstrated on Fig.5 and Fig.6 respectively. The results show (Fig.5) that graupel of a bigger size is warmer than of a smaller size – graupel with 1mm bigger radius has approximately 0.4 oC warmer surface. The maximum of Tg-Ta is at the same air temperature Ta , independent of the graupel size.
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Fig.6  The influence of the relative velocity of the graupel on its surface temperature.
Fig. 6 shows that the higher the velocity is, the warmer the graupel surface. The increase of the velocity with 3 m/s influences the graupel surface temperature in the same manner as the increase of the graupel radius with 1 mm and the maximum values of Tg-Ta   are reached at 1oC lower temperature Ta when the velocity is higher. 
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Fig.7.  Comparison of the graupel surface temperature in the experiments of Takahashi (1978) and Saunders et al. (1991)
As was mentioned in the Introduction the evaluations of graupel surface temperature at various in-cloud characteristics and graupel properties is important when we compare data from different laboratory experiments related to non-inductive charging of ice particles. Thus, it is interesting to compare the graupel surface temperature in two laboratory experiments – Takahashi, 1978 and Saunders et al., 1991 which are the most discussed laboratory experiments in the last 15 years in the field of non-inductive charging due to different dependence of magnitude and sign of charge transfer on effective water content and air temperature. In Fig.7 the temperature difference Tg-Ta  as a function of the air Ta  for the parameters used by Takahashi,1978 and Saunders et al., 1991 are plotted for  two fixed effective water contents EW = 1 and 3 g/m3. In the laboratory experiments, presented in Saunders et al., 1991 graupel was simulated by a cylindrical target with a radius equal to 2.5 mm moving relatively to cloud air with a velocity of 3m/s. The mean radius of the freezing droplets in this experiment was equal to 8(m. The corresponding values in the experiment reported in Takahashi, 1978 were: Rg =1.5mm, V=9 m/s and the droplets were smaller – 3.5(m. The results on Fig.7 show that at EW = 1 g/m3 the maximum warming of the target surface in Takahashi’s experiments was 1,45oC at Ta  =-18oC, while in Saunders et al., 1991 experiments the maximum of Tg-Ta was 1,22oC at Ta  =-17oC and at EW = 3.0 g/m3 the maximum warming of the target surface in Takahashi’s experiments was 3,62oC at Ta  =-20oC, while in Saunders et al., 1991 experiments the maximum of Tg-Ta was 2,93oC at Ta  =-20oC. So, as expected, due to the higher relative velocity, the graupel surface in Takahashi’s experiment was warmer than in Saunders’ experiments: the difference between the temperatures in both experiments is negligible at very low values of EW, one can ignore its impact at EW<0.5 g/m3, and at EW>1g/m3 it is significant. 

Conclusion

The results presented in the previous section demonstrate that as the in-cloud characteristics (effective water content, air temperature, size of freezing droplets) as well graupel properties (size, velocity and shape) influence significantly the warmth of graupel surface by riming in dry growth regime. The graupel surface temperature increases with the growth of effective water content, graupel size and velocity and size of freezing droplets. Increasing the effective water content with 0.5 g/m3  leads to the increase of graupel surface temperature similar to the effect of increasing the graupel size with 1 mm or relative velocity with 3 m/s, or if the spherical graupel is replaced by a cylinder with the same radius and relative velocity. The results show that the use of a constant value for the heat transfer factor 
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 overestimates the graupel surface temperature if the freezing droplets have a size smaller than 16(m and underestimates Tg  if the freezing droplets are with a radius bigger than 16(m. The graupel temperature is higher when the graupel is a cylinder than in the case of spherical graupel. Based on this, one can conclude that in the laboratory experiments related with the non-inductive charge transfer, where the graupel surface temperature plays a significant role, one cannot compare directly the results of the different experiments if they were carried out with different size and velocity of the graupel, with different form of rime target, with different size of freezing droplets. For example, if the laboratory experiments are performed at Ta =-17oC and EW=1g/m3, the graupel surface temperature for a spherical graupel with radius Rg =1.5 mm, and relative velocity V= 3m/s and radius of freezing droplets 8(m will be Tg=-15.98 oC, while for cylindrical target with 2.5 mm with relative velocity V= 9 m/s and radius of freezing droplets 15(m will be Tg = -13,16 oC, which obviously is a rather big difference to be ignored. 
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Влияние на вътрешно–облачните характеристики и характеристиките на градовото зърно върху температурата на повърхността на градовото зърно в режим на сухо нарастване

Б. Ценова, Р. Мицева

Резюме.  Изследвано е влиянието на вътрешно-облачните характеристики (ефективна водност, температура на въздуха и атмосферно налягане,  големина на водните капчици) и характеристиките на градовото зърно (големина, форма и относителна скорост) върху температурата на повърхността на градовото зърно. За пресмятане на температурата на повърхността на градовото зърно е използвано уравнението на Macklin and Payne. Резултатите показват, че температурата на повърхността на градовото зърно чувствително зависи от всичките изследвани от нас параметри и че влиянието на атмосферното налягане в рамките на различни лабораторни експерименти може да бъде пренебрегнато. 

Fig.1b.  The temperature difference Tg-Ta as a function of EW at fixed values of Ta








Fig.1a.  The temperature difference Tg-Ta as a function of Ta at fixed values of EW.
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