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Diabatic heating during the life cycle of a cyclonic system
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ABSTRACT


Calculations of the diabatic heating have been made using the thermodynamic equation in isobaric coordinates. The horizontal advection of heat is the dominant term during the life cycle of the cyclone. The diabatic cooling is strongly associated with the cold air advected to the computational domain. Throughout the period of study the vertical advection term is working against the adiabatic one. The contributions from the term of local temperature to the diabatic heating changes are very small with respect to all the other terms, the maximum local increase of temperature occurs at the boundary layer on the rainy day. The existence of Mediterranean, Red sea and red sea mountains suggest that the diabatic heating in the lower layer at the rainy day is primarily due to latent heat release. The intensification and movement of  the heating and cooling areas  coincide  with the developing and movement of the cyclone.

1.  Introduction 


Diabatic heating is one of the main driving force of the atmospheric circulation. The diabatic heating of the atmosphere, which consists of the release of latent, sensible and radiative heating (cooling) is determined in large part by physical processes that are related to water vapour content. However, our understanding of diabatic heating has been hindered because the atmospheric heating cannot be directly measured and must be estimated indirectly from other variables. As reviewed by Kasahara and Mizzi (1985), there are generally two approaches for evaluating the diabatic heating: physical and dynamical.  The first approach computes directly the diabatic heating in terms of models and parameterizations of various physical processes involved, e.g., longwave and shortwave radiation, latent heat release due to condensation, and sensible heat exchange between the surface and atmosphere. The latter approach obtains the diabatic heating through the residual method of the thermodynamic energy equation. Both approaches have some limitations and deficiencies. Following preliminary analysis of the local heating obtained in several studies (e.g., Murakami and Ding 1982; Nitta (1983); Luo and Yanai (1984), Kasahara and Mizzi (1985) we have adopted the Isobaric Thermodynamic Method to compute the global diabatic heating with the ECMWF FGGE III-b data. Masuda (1984), Kasahara and Mizzi (1985) employed the kinematic method with the modified horizontal divergence and the specified top and  bottom boundary conditions to evaluate the vertical motion (w) field. The strong latent heat release usually produces a divergent “outflow jet” to the northeast of the storm centre and an amplification of the downstream ridge (e.g. Stoelinga, 1996). From a PV perspective this amplification can be viewed as a combination of advection of low-PV air through the jet flow ahead of the trough and diabatic reduction of PV at the tropopause through latent heating (Hoskins et al., 1985; Stoelinga, 1996; Massacand et al., 2001; Posselt and Martin, 2004: Thorncroft and Jones, 2000; Jones et al., 2003: Pelly and Hoskins, 2003 ). 


As noted by Kasahara and Mizzi (1985), the ( field evaluated by the kinematic method is determined by the divergence of the horizontal wind field, which may not be balanced by the mass field. Johnson and Wei, (1985) and Wei et  al., (1984) have pointed out that the horizontal  temperature  advection  and  adiabatic  heating  work  in an opposite way. Thus, the diabatic heating is roughly balanced by the residual of two significant terms in the thermodynamic equation. Therefore, the computational error in estimating the ( field affects the diabatic heating  evaluated in terms of the thermodynamic equation in isobaric coordinates. Kasahara and Mizzi (1985) demonstrated the feasibility of employing the Isobaric Thermodynamic Method with the ( field generated by the kinematic method to estimate the global diabatic heating. Several investigators (e.g., Murakami and Ding, 1982; Nitta, 1983; Lou and Yanai, 1984; Kasahara and Mizzi, 1985) have examined the horizontal distribution of diabatic heating,  especially  in the Northern Hemisphere, because of the availability of data.  A  few studies have attempted to explore the  diabatic heating of the Southern Hemisphere. Although Sasamori et al.,(1972) and Haurwitz and Kuhn (1974) examined the radiative heating  in  the Southern Hemisphere, the total diabatic heating was not  examined until the first GARP (Global Atmospheric Research Program) Global Experiment  (FGGE) data  became available. 


The purpose of the present study is to discuss and analyze the diabatic heating of a developing cyclonic system during the period from 18  to 26 January 2005. This case of study is considered as an extreme case in rainfall that affected KSA specially at Makkah in 22 January 2005, where the holy shrines were inundated and pilgrins found themselves floating in water. 
2.  Theoretical considerations


The diabatic heating


From elementary thermodynamic we find that 
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is the diabatic heating rate per unit mass, T the temperature, ( the specific volume, Cp the specific heat at constant pressure, and  ω = dP/dt. Expanding dT/dt and rearranging the terms in Equation (1), the thermodynamic energy equation in isobaric coordinates per unit mass is given by 
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Where V is the horizontal wind vector and ( the two-dimentional del operator on the isobaric surface. According to Equation (2),  Q  can be estimated as a residual 
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Thus, diabatic heating changes are determined by quasi-horizontal temperature advection (V.(T), adiabatic temperature changes associated with work done on (( > 0) or by (( <  0)  the  air  parcel on the environment during vertical displacements (-((/ Cp), local temperature changes, ((T/ (t), and vertical  temperature advection  (( (T/(P). The main processes that contribute to [image: image8.wmf]Q

.

 are the release of latent heat due to condensation of water vapour, turbulent flux and short-long wave radiations. 
3.  Data and computation 

a-  Input data 


The data used in this study have been taken from the archives of the European Center for Medium Range weather Forecasting (ECMWF) and consist of the horizontal wind components  (u- eastward, v-northward), the temperature (T) and the  geopotential height (z) on regular latitude-longitude grid  points with resolution of 2.5o x 2.5 o . The available data is at 0000 and 1200 GMT during the period 18 to 26 January 2005  for  isobaric  levels  1000, 850, 700, 500, 300, 200 and 100 hPa. Figure 1 shows the domain of the study which extends from 10 o  to 70 o N  and  from  10 o  W  to 60 o E. The inner domain that is used in our calculation for the present study changes with time to enclose the cyclone during its life cycle (see Figure 2).  

b-  Analytical procedures 


The diabatic heating equation (3)  are calculated at 1200 GMT.  Therefore, time derivatives evaluated by centred finite difference spanning 48 h give a reasonable indication of the  time  variation  of  heating  centered  finite  difference were used to  compute horizontal derivatives and all vertical derivatives except  those at the 1000 and  100 hPa, where non-centered differences were employed. Each term on the right hand side of (3) is diagnostically calculated. In the present study the vertically integrated diabatic heating Q for different atmospheric levels have been determined. Therefore, the diabatic heating rate is evaluated using a residual by summing all the terms on the right-hand side of (3). The tendency term is calculated as a centered finite differences scheme. The diabatic heating evaluated in terms of the thermodynamic equation in isobaric coordinates is affected by the evaluation of the vertical motion (, which is computed  using the  Q-vector representation of the quasi-geostrophic ( equation (Bluestein, 1992) .  All terms in Eq.(3) are expressed as heating rates per  unit mass and can be translated into daily heating  by  the  following conversion, 1 W Kg -1  = 86 K d -1 .

4.  Synoptic discussion 

A common case of winter cyclogenesis over the  Mediterranean is considered in the present study.  Its period extended from 18 to 26 January 2005. Based  on 1000 hPa and 500 hPa charts the life cycle of this cyclone can  be divided into two periods. The first (growth) period is from 18 to 23 January while the second (decay) period is from 24 to 26 January. Figurs 1 and 2 show the 1000 hPa and 500 hPa charts at 1200 GMT on each day over the region of interest. The 1000 hPa charts depict contours of height with 20 m increament while upper air charts (500 hPa) contain contours of height with 40 m increment. The isotherms in the charts of the two levels are analyzed with 5oC increament. The cyclone of special interest first appeared as an extension of the traveling depression north west of Europe on 18 January. A cut-off low is formed at 19 January and a well-defined cyclonic depression becomes clear over south west  of Italy. At 19 January a strong thermal gradient lies along the northern Italy and middle of Europe. In this highly baroclinic zone the surface storm undergoes strong intensification.  
The evolution of the lee cyclogenesis was consistent at least in the second and third days, with the schematic processes outlined in Buzzi and Tibalidi (1978). The interaction of the cold front with the Alps produced the initial disturbance which then grow as a baroclinic disturbance.     


During the next 24 hours, the center of the low propagates slowly to the southeastward and the geopotential height at the center reaches to 20 m (Fig. 1c). A corresponding cut off low (5400 m) at 500 hPa appears over north libya. On 21 January a strong development occurs at the surface and at the upper air, where the surface cyclone moved eastward and becomes aligned with the main cyclone (its center at 55oN, 25oE). Also the inverted v-shape trough of the sudan low extends northward to the north of the red sea and in the upper air (500 hPa) the cut of low also moves eastward to the northeast of Egypt. At 1200 GMT 22 January (the rainy day), a strong interaction occurs between the trough that extended from the tropical region and that extends from middle latitude region, and the two cyclones becomes merage together joints with other. The most interesting feature is that there is northward strong warm advection from the tropical region associated with the air flow around the sudan low and a southwad strong cold advection. The interaction between these two air masses causing a strong instability over the east  Mediterranean and at the west of saudia arabia. By 1200 GMT 23 January, the trough of sudan low moved south west ward while the trough of the midllatitude low moved eastward to centerd over northern Iran. During the next two days (25 and 26 January) the depression started filling and its central pressure increased gradually. On the other hand the high pressure over the Atlantic is extended with a major ridge that joints the Siberian high. In other words no more cold advection is permitted from the north to the cyclone. While the Siberian high pressure propagate westward the horizontal extension of the cyclone decreases and moves slowly eastward, and it becomes a stationary vortex rotating above the north east Mediterranean. Finally the cyclone was drifted slowly north-eastward and was out of the domain by 25 January.

The behavior of the subtropical and polar jets 


It is known that the subtropical (polar) jet has its maximum speed around 200 hPa (300 hPa). So, we display the 300 and 200 hPa isotach fields in the following discussion to show the behaviour of the polar and subtropical jets during the development of cyclone. Figs. 3 and 4 display the isotach (wind speed) at 300 and 200 hPa from 18 to 25 January 2005. They show the behaviour of the subtropical and polar jets at 200 and 300 hPa levels during the life cycle of our cyclone. On 18 January 2005 (Fig. 3a) the wind direction over north Africa is zonal and the maximum speed of the subtropical jet is 65 m/s and is located over northeast of Africa (over Libya, Egypt and north Red sea), its value at 200 hPa is greater than 75 m/s. The polar jet extended from northwest England to southeast Spain and north of Italy with a maximum wind greater than 75 m/s at 300 hPa, its extension at 200 hPa has a maximum wind greater than 65 m/s. On 19 January 2005, the subtropical jet moves slightly eastward  and its maximum becomes greater than 65 m/s at 300 and 200 hPa and was located over Saudi Arabia. While the polar jet is shifted eastward and moved south eastward to amalgamate with the subtropical jet and its maximum value becomes greater than 70 m/s at 300 and more than 60 m/s at 200 hPa. On 20 January, the subtropical jet was shifted to the southeast. The front of the polar jet reaches north of Algeria and its jet maximum wind value is greater than 75 m/s at 300 and 200 hPa. The subtropical jet weakened at 300 hPa and became stronger at 200 hPa (>70 m/s) and moved eastward. The amalgamation between the two jets continued until 21 January. Beginning with the day of 22 up to 25 January the polar jet weakened at 200 hPa and the amalgamation with the subtropical jet disappears. On 24 and 25 January the polar jet extended from north Europe to northwest Africa with a maximum wind greater than 65 m/s at 300 hPa. During the last three days, we notice that the subtropical jet moved westward and regained its climatological behaviour in both speed and direction.       

5.
Diagnostic study of diabatic heating

5.1
Diabatic heating time development


The estimation of the atmospheric diabatic heating in terms of the isobaric thermodynamic method by no means allows the individual contribution from each effect to be examined, as shown by Budyko (1974). Nevertheless, the utilization of the thermodynamic equation in isobaric coordinates provides a way to visualize how the diabatic heating is balanced by the horizontal advection of sensible heat and adiabatic heating due to  vertical motion. The diabatic heating rate is estimated in the domain which encloses the cyclone during its life cycle.  The area-averaged of the thermodynamical equation terms, integrated from 1000 hPa to 100 hPa at 1200 GMT for this period are shown in Table 1 which indicate the following:

1. The values of (T/(t are smaller in magnitude  than  other terms, therefore the diabatic heating term is mathematically balanced by the horizontal advection of heat, the vertical temperature advection and the adiabatic temperature changes. 

2. The horizontal advection of heat is the dominant term except at 22 January and at the decay period, so the diabatic cooling is strongly associated with the cold air advected to the cyclogenesis domain during the period 18 to 21 January while diabatic heating is associated with the warm air advected to the computational domain during the decay period.
3.  The maximum cooling due to horizontal advection occurs during the period 18-21 January, whereas the maximum heating due to horizontal advection occurs during the decay period.

4. The heating due to vertical advection is pronounced during all storm stages especially at the heaviest rainy day.

5. The cooling due to adiabatic term occurs throughout the period of study except at 19 and 23 January. Generally, the vertical advection term is working against the adiabatic temperature term.
Table 1: The area averaged values of the  thermodynamical  equation terms integrated


   from 1000 to 100 hPa.  Units are 10-2 K d-2.
	Date/Time           [image: image9.wmf]Q
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          (T/(t        V.(T        (((T/(P)        -((( /Cp)

	Growth period

18-1/12            -8.926        0.16        -7.86             0.97               -2.18

19-1/12            -23.91       -0.12      -23.86            -0.47                0.53

20-1/12            -12.19       -0.32      -11.14             0.24               -0.97

21-1/12              -3.01       -0.27        -0.99             1.70               -3.46

22-1/12               2.10         0.11          5.07            4.87               -7.95

23-1/12             -4.75          0.36        -5.13           -0.39                0.40

Decay period

24-1/12             2.82           0.39          4.27             1.10               -2.94

25-1/12            11.44         -0.58        13.94            1.44                -3.37

26-1/12            17.84         -0.48        20.60            2.41                -4.68




5.2
Time-height variations of diabatic heating 


The vertical transport of the diabatic heating is shown in Figure 5as a time-pressure cross sections. Figure 5b shows that the contributions from the term of local temperature changes to the diabatic heating changes are very small with respect to all the other terms. It illustrates that there is a decrease of temperature during the first three days except for the 850 – 700 hPa layer in 18 January and also above 300 hPa. At the rainy day (22 January) there is a local increase of temperature from the surface up to 700 hPa while a local decrease of temperature above 700 hPa. A local increase of temperature occurs in 23 January throughout all the levels and above 300 hPa in the last three days. During the decay period there is a local decrease of temperature from the surface to 300 hPa. 

It is evident that the largest contribution of the horizontal cold advection of temperature exists during the first three days of the growth period at all levels and its maximum values occurs between 500 - 150 hPa. Horizontal warm advection occurs at all levels of the rainy day and also in 21 January specially at the upper levels. A small horizontal cold advection appears at all levels in 23 january, while horizontal warm advection dominates at all levels throughout the decay period with maximum in 26 January. The intersting feature that should be noted in the horizontal advection term V.(T (Fig. 4c) is the maximum cold advection near the tropopause which supports the idea that the cyclogenesis mechanism is due to the strength and the direction of the polaj jet.   Figure. 5c  shows  that  the  horizontal advection term tends to decrease the temperature at all levels during the pre-period and increase temperature during the decay period. 


In the vertically averaged sense, the adiabatic term (-((/CP) and vertical advection (( (T/(P) work in an opposite sense which imply that these two terms numerically cancel each other when viewed in the time-pressure plane. However, these two terms do not balance each other exactly. Figures 5d and 5e show that the contribution of vertical temperature advection (( (T/(P) and diabatic temperature term are opposite of each other.  In  other words the areas of cooling in Figure 5d coincides with the areas of heating in Figure 5e and vice versa which means that there is a strong negative correlation between the patterns of the adiabatic temperature term and the vertical temperature term. Figure 5d shows that ( (T/(P tends to increase the temperature throughout the period of study except above 500 hPa in the first three days and in 23 January. The maximum heat contribution of this term occurs at the rainy day between 700 – 200 hPa. Figure 5e shows that the adiabatic term (-((/CP) tends to decrease the temperature throughout the period of study except between 500 – 200 hPa in the first three days and on 23 January. The maximum cooling occurs on the rainy day between 700 – 200 hPa. 


Figure 5a illustrates the diabatic heating as the sum of the four terms in the right hand side of equation.(3).  The outstanding features here are the cooling at all levels during the growth period with maximum on 19 January between 500- 150 hPa. This distribution generally exists during the growth period except on 21 and 22 January where a small heating occurs below 700 hPa and above 500 hPa. On 23 January a small cooling appears at all levels. In the decay period (Fig. 5a) the diabatic heating is affected only by the horizontal advection term (V.(T) where the heating occurs at all levels and increasing gradually from 24 to 26 January. Figure 5a also shows that the first two days in the growth period are characterized by maximum cooling above 500 hPa and in proximity to the polar Jet stream. The existence of the Red sea and the Red sea mountains supports the suggestion that the diabatic heating in the lower layer is primarily due to latent heat release on 21 and 22 January. The cyclogenetic mechanisms in  the eastern mediterranean is firstly due to surface processes and the subtropical jet  stream (Alpert  and  Warner, 1986). Secondly, the major horizontal gradient of advection over the western slopes of the Turkish mountains probably indicates that the cold northerly air turns around the mountains (EL-Fandy, 1946). 
5.3
Horizontal distribution of diabatic heating 


The relationship between the evolving synoptic features and the ensemble cyclogenesis are examined by considering the spatial distribution of diabatic heating.  The results of diabatic heating rate are presented for the 9 day-period starting from 18 January 2005 which is referred to as the life cycle of my case study.  Since we are interested in examining day-to-day variations of the diabatic heating distributions for this case we can find in Figure 6 a time series of the vertically averaged heating rate in a domain which includes the cyclone during its life cycle. The daily pattern of diabatic heating as shown in Figure 6 shows that east of the 500 hPa trough (Figure 2), a warm sector exists along with a warm advection through the depth of the troposphere and diabatic cooling exist, while west of the trough cold advection along with diabatic heating prevails. The diabatic cooling increases with latitude and tilt north west ward.

Generally, by comparing Figure 6 for the vertically averaged distribution of diabatic heating during  this period with Figure 2 containing both height and temperature contours for the same period, it is important to note that west of the trough which is the area of downward motion there is a region of diabatic cooling and east of the trough (the area of upward motion) there is a dominant region of diabatic heating.  In other wards, diabatic heating behaves like warm advection, and diabatic cooling behaves like cold advection. Therefore, diabatic heating is usually associated with rising motion, and diabatic cooling is usually associated with sinking motion.  Strictly speaking, a relative maximum in adiabatic heating is associated with rising motion (even if there is cooling), While a relative minimum in diabatic heating is associated  with  sinking motion (even if there is warming). If we follow the time variation of heating and cooling over the inner domain which is used here , we can see from Figure 6 a time series of the vertically integrated heating rates during the period under study. Two main features may be extracted from Figure.6 for the day 19 Januray 2005. One feature which stands out clearly is a cooling maximum over west Europe and mediterranian sea. The maximum cooling tends to decrease south ward over north Africa suggesting that the source of cooling is due to the advection of cold arctic air across most of England and of the continental area (Dickson,1979). Another notable feature is the temporal variation of the heating pattern over north east Europe. Actually, the temporal variations of these two features are significant. We see that cooling found over west Europe (18 January) moved slowly southeast ward  at 19 January and intensify. The maximum cooling during the period of study occurs at 19 January over the west of Meditterranean and conisides with the movement of the polar jet to the south (Figure 3). The center of heating also moved south ward with maximum values over south of Italy. On 20 January the cyclone moved south east ward to become over central Mediterranean (north Libya), the two centers of cooling and heating also moved south east ward with small weaking in its values. Another movement to the east ward appears at 21 and 22 january. On the rainy day it is interesting to see that the values of cooling reaches its minimum throughout the period of study while the values of heating increases and cover most of our domain of calculation, and the heating values are much greater than the corresponding cooling values. At 23 January the values of diabatic cooling increased again and the center of cooling area moves north west ward, the increase of cooling values is due to cold air advected by the redevoloped polar jet stream (Figure 3). With the beginning of the decay period the pattern of cooling and heating areas changes where the cyclone has moved to the west and become stationary vortex rotating above the north east of Mediterranean and the subtropical jet is shifted northward. Generally,the intensification and movement of  the heating and cooling areas  coincide  with the developing and moving cyclone (figure 2).
6. Conclusion


The aim of this paper is to analyze and discuss the diabatic heating during the life cycle of a Mediterranean cyclone. This cyclone affects the weather of Saudia Arabia specially on 22 January where heavy rainfall occurs over Makka during Hajj. Calculations of the diabatic heating have been made using the thermodynamic equation in isobaric coordinates. The horizontal advection of heat is the dominant term during the life cycle of the cyclone. This means that the diabatic cooling is strongly associated with the cold air advected to the computational domin and the diabatic heating is strongly associated warm air advected to the computational domin. The maximum cold advection near the tropopause appears during the growth stage and supports the idea that the cyclogenesis  mechanism is due to the strength and the direction of the polar jet. The analysis of time- height variations of the terms illustrate that the contribution of vertical temperature advection and adiabatic term are opposite to each other, which means that there is a strong negative correlation between the patterns of the adiabatic term and the vertical temperature advection term. The contributions from the term of local temperature changes to the diabatic heating rats are very small with respect to all the other terms. The existence of the Red sea and the Red sea mountains supports the suggestion that the diabatic heating in the lower layer is primarily due to latent heat release at the rainy day. The cyclogenetic mechanism in the eastern mediterranean is due to surface processes and the subtropical jet  stream and also due to the   advected cold northerly air that turns around the Turkish mountains. 
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Fig. 1. 1000 hPa height contours in 20 m intervales (solid) and temperature (dotted) in 5°C
increments for 1200 UTC 18- 25 January 2005.






	[image: image11.jpg]a)l8 Jan.

TR o U LR = % & . Troee0—— =z =
=8- 10N 4= —

10N|-—=v-'-‘r- —— —— — ey
OWSW O S5t 10E 15E 208 25€ 30E 35E 40E 45E SOE S5EGOE 10W 6W O GE 10E 16E 20E 25K S0E 35E 40K 45E G0E 56E 60E

B —ﬁmmﬁ;&mm 3% 50k 5Bk 608

e

10N Gwow ;;h 10E 15E 20E 25E 30E 35E

Fig. 2. 500 hPa height contours in 60 m intervales (solid) and temperature (dotted) in 5°C
increments for 1200 UTC 18- 25 January 2005.






	[image: image12.jpg]10N, - - - - T - T - - - - T 10N - - - - - - - - - - - -
10w SW O SE 10E 15E 20E 25E 30E 35E 40E 45E S0E S5E 60E 10W 5W O &E 10E L6E 20E 26E 30E S5E 40E 45E §60E 56E 60E

c)20 Jan. 2005 wind(300 hPa) d)21 Jan. 2005 wind(300 hPa)

70N

oON ] | N ]
10W 5W O &E 10E A6E Z0E 26E 30E S5E 40E 45E 50E S5E S80E 10W 5W O &E 10E L5E 20E 26E 30E S5E 40E 45E 60E S56E 60E
g)24 Jan. 2005 wind(300 hPa) h)25 Jan. 2005 wind(300 hPa)
70N 777 = = 70N =
U 77 {
e5N{ - , / : - -
60N - ' ;
%/ A
55N 'i 2 -

ch| < o
1ONSWEw O OF 10E 15E 30K 23K 30K 35K 40E 45K 50K 04K 00E

Fig. 3. 300 hPa isotach (wind speed > 30 m/s) during the period 18- 25 January 2005.
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Fig. 4. 200 hPa isotach (wind speed > 30 m/s) during the period 18- 25 January 2005.
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Fig. 6 : Horizontal distribution of diabatic heating (1000- 100 hPa integrated values) for
1200 GMT 18 - 25 January 2005. Units: K da
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