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ABSTRACT

This paper describes a geopotential thickness difference methed for computing instability encrpy E, Ef.?f:

gc (AH,?g-AH ﬁf) s where AH,‘Z% ts the geopotential thickness of P.— P, level; AH,?? is called adia-
batic gevpotential thickness. based on which a computational method for high resolulion of instability energy
is proposed. £ (x, ¥)& gl ACx, ¥)— B(x, ¥)), where 4 is interpolating polynomial of AHiﬁi and il is a

function of @, of surface observing stations (x,¥); H(x,y) is the thickness over corresponding sta-
tions (x, ¥} obtained using surface fitting method, Thercfore, data of METAR can be used by computer 1o
produce hourly horizontal distribution chart of £ of surface observing station density. With the result that
the temporal and spatial resolution of stability analysis has been improved. Practical use has shown that
this method is an effective ool for very shore range forecast of severz convective storms,

1. INTRODUCTION

The application of computers and advanced communication equipment to very short
range weather forecast in recent years has improved the ability of monitoring and very short
range forecast of severe convective storms. It is of importance to further improve the effec-
tiveness of very short range forecast and to study and use better methods for analyses and
forecasts. In the atmosphere, motion systems of certain size are primarily due to certain types
of force within the equations of motion.  For the occurrence of severe convective storms,
buoyancy is primary. Though & part of kinetic energy can be obtained from ambient wind
field during its development process, actually instability energy release is the main source of
energy required by its development (Chao Jiping and Zhou Xiaoping, [964). In atmospheric
thermodynamics, an adiabatic ascending parcel gains energy or instability energy £ when it
passes through pressure levels p,-p, because of net buoyancy.

Ei =Ry ]: (Toi— T dlnp (1)
where Ry is the gas constant of dry air: T',; and T, are the virtual temperature of parcel and
ambient uir, respectively. Computation of instability energy £ from equation (l) requires
complete sounding curves. Because it is inconvenient to use Eq. (1), £ is seldom computed in
aperational work. Therefore, some stability indices are often used. By using 620 days of
sounding data at 0800 in July and August from 1969 to 1978 in Beijing, we have computed £

and various stability factors and compared their efficiencies in [orecasting thunderstorms.
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When the ratio of missing is taken as 1;5, statistics of accuracy of thunderstorm forecasts from
1200 10 2100 by various factors were made in such a case. The results are shown in Table |,
where C is Slaven index: A is A index; K is K index; KY1 is Koj Yamazat index (Koj Ya-
mazatl, 1975): LPI is lift parcel index; JJ7,, is the max. vertical velocity computed in loaded
moist udiabatic updraft model; EF3 is inslability energy released by air parcel which ascended
from ground adiabatics when it pussed through §30-500 hPa. 1t can be seen from the table
that £ is significantly superior to other stability factors,

Table 1 Comparison among Efficiencies of Vaiious Stability Factors

Names of Facters € A K S Kyl LPl 12 £
Critical Valucs —0.4°C  —14.8°C 27°C —33:C —0.4 L4 18,3 m's 267 Jke
Mumber of Hits 250 272 35 328 332 356 a6 388
Accuracy {3} 40 44 51 53 57 57 59 al

Most of the stability factars currently used in operational work are computed based on
sounding data. Because conveniional upper air sounding network is established for syn-
aptic scale system analysis, average spacing between stations is about 300-400 km; sounding
time interval is [2 hours. Its temporal and spatial resolutions are inadequate for the analysis
of severe convective storms whose life ¢ycle spans for about several hours. Therefore, in very-
short range weather forecast, analysis of hourly surface @, is frequently made 1o increase the
temporal resolution. Recently, a high-resclution LPI distribution has been obtained by Hales
with graphic subtraction (Hales and Doswell, 1982) and has been used as a Lool for NSSFC
(National Severe Storm Forecast Center) very short range forecast, the result of which is
fairly good. In consideration that the E in forecasiing severe convective storms i$ superior
to LPI, and in order to meet the requirements for jssue timing of very short range forecast, a
high-resolution analysis method of instability energy was developed in this paper on the basis
of a new method for compuling instability energy (Li Hongji, 1985). Computation and
analysis are done completely by computer and isogram of horizontal distributions of in-
stability energy £ can be obtained 20 seconds after data input. Tests have shown that the
high-resolution analysis of instabilily energy is very useful to very short range forecast of
severc conveclive storms.

II. THE GEOQPOTENTIAL THICKNESS DIFFERENCE METHOD FOR COMPUTING INSTABILITY
ENERGY

Since it is inconvenient to compute E with Eq. (1), this equation is rewritten as

£5: = g.(AH g —AHE) e
where
§u=9.80665 I /kg/gpms

2, Ry F:
AR = - }pLTL.,dlnp:sz—le,

namely, the thickness of p,-p. level can be estimated with geopotential height # , and H . of
pressure levels 2, and p, in sounding report, without the need of complete sounding curves.

_ B

A= =

ji‘ﬁ.-dlnp (3)
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Assuming that virtual temperature distribution in air column is the same as the change in

virtual temperature of adiabatic ascending parcel with altitude, Af,”: is the thickness of
p p
1

““the adiabatic air column™ between g, and p, (see Fig, 1), which is called adiabatic geopoten-
tial thickness. In Eq. (2) instability ¢nergy is considered as geopotential thickness difference
adiabatic air column™ {rom p, to p, and actual air colummn. It is physically under-
stood as petential energy difference between unit mass air on top of the two air columns when
air column bottoms are the same, We refer to the method for computing £ with Eq. (2) as
geopotential thickness difference method,

“

between

Tas To

Fig. 1. Schematic diagram uof the computation of the instability energy.

To compute £ with (2), it is necessary to compute AHE’;,: . It can be seen from (3) that

’i\Hf:' is a function of T',, when p, and p, are constants, 7T,; can be determined with

adiabatic process. Considering the large diurnal variation of temperature stratification within
boundary layer and under the disturbance, we should analyze the magnitude of £ above
lhe condensation level for forecasting severe conveclive storms. When delermining the
condensation level, altitude correction should be made first to derive the station pressure P
because the surface pressure in weather report is usually the sea level pressure P, and it is
not at the same altitude as the surface temperature 7 and the dew point temperature T,
{Central Bureau of Meigorology, 1934).
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— h
P=P,x10 13400;<(1*2":3 (4)

where #t is the elevation of stations. Then, we may derive temperature T, and pressure
F_ al the condensation level using the following expression (Li Hongji, 1985):

T-Ty

T.=T- e P
¢ iy, (Ty—35.9)% *f
Ve B33 %107 K 2T YR ES
Pe— 8,331 T
) t T“_ =
[c:PkT -C‘nded (D)
Thus, the equivalent potential temperature of surface parcel g,:
Lo,
i 1000 Ralcpg [ g N
0= T”Kﬁ) re frile (8)

where ¢, and L, are the saturation vapour pressure at ihe condensation leve! and the conden-
sation latent beat of vapour, respectively, and they are the function of T} g, is the mixing
ratio at condensation level; ¢, is the specific heat at constant pressure of dry air.

Above the condensation level, with T,,= T, 4+ AT ,; . the temperature of parcel taking
adiabatic ascent T, may be determined by following pseude-adiabatic equation:

g Ra ﬂ._,
h]f"—r:pg ln(p—e)fcpde_ = const (7)

namely, (), is constant. Virtual temperature correction AT, is calculated by the following

equation:
g €
ATu=0.578), T (8]

As shown in Fig. |, with the given initial temperature 7, for P, level above the condensa-
tion level, 7, can be compuled level by level at an interval of 10 hPz2 by approximation me-
thod according to Eq. (7). Afller virlual iemperature correction in (8). substituting it into (3),

AHE is obtained by using numerical iniegral. Thus, when P, and P, are constants, gH,ﬁz
1 L

is only a function of 4.

What is the reliability of computation of £ with (2)? A verification has been made
by using 620 sounding data for July and August from 1969 o 1978 in Beijing. Every £
value £, is strictly computed by computer according to (1) and the corresponding £33 value
E , is computed according to (2), their correlation coefficient ., . being 0.98496. It can
be seen that the geopotential thickness difference method for computing instability energy is
reliahle.

Far convenience of manual calculation, we have made a table of AH‘:i values (Li

Hongji, 1985).
1. COMPUTING METHOD OF HIGH-RESOLUTION INSTABILITY ENERGY

Observations have shown that the horizontal changes of weather elements within the bound-
ary layer are often significant due to the influence of the underlying surface and, by compari-
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son, that the changes within the mid-and-upper layer of troposphere are much milder. Ac-
cording to the geopotential thickness difference method of computing instability energy, AT/ g;’z
|

is computed by using ground station network with comparatively dense horizontal distribution.
The thickness over the ground stations is computed with the thickness of conventional upper
air sounding stations near the region by using quadratic surface fitting, Thus, the distribution
of high-resolution instability energy for ground station spacing is obtained. Because ground
observing data are updated hourly. analysis and computation are done every hour in situation
of development of favourably severe convective storms: therefore, computation and isopleth
analysis must be done by computer.

1. Interpolating  Polynomivl of AH si“

In order to compute E with computer, interpolating polynomial of -',\Hsil is used to
1

replace the AH;;: table. Assuming

AL QAP T T ~AB) [ = a0 tan,? Gt a2 08, (9)
we attempted to use the second, the third, the fourth, the fifth and the sixth order polynomial
approximation. The results indicated that good fitting can be obtained with the third-order
polynomial when P, and P, are different in thickness. Table 2 gives coefficients of interpo-
lating polynomials and the maximum error from 850 hPa to each standard level. We can pro-
duce interpolating polynomials of gHsiz between different standard isobaric surfaces

1
according to our needs as giver in Table 2. For example, for a plateau area where condensa-
tion level is at about 700 hPa, when it is necessary to compute E338, interpolating polynomial
of AIF,12% can be obtained in operation by subtraclion of corresponding coefficients of

AH, ' and AFH,70" in the table because A,i05=AH 101 —AH,}i}. Onecan see from

Table 2 the polynomials of different levels so constructed and error | £, | <2 gpm, whaose
accuracy enlirely meets the needs of diagnosing stability distribution.

Table 2. Coefficicnt and Max. Error | E ga, ' of AH,::‘. Interpolating Polynomial {299°K < f, <386°K)
1

P-P, a, a, a3 a, 1Bl
B50-200 —~9194.219 103.5267 —0.1510178 5797127 = 10— 0.91

850-250 —11637.42 1226694 —0,2257353 1.375143 = 10—+ 1.077
850-30¢ —13447.89 137.3381 —0.2877511 2.073517 % 104 0.88
850400 —13199.47 133.4619 —0.3115755 2515794 10~ 0.27
850-500 —9636.729 99.50077 —=3,2397042 1.995988 x 104 0.30

850-700 —3040.097 33.60977 —8.203626.x 10-?

6.934624 x 10~® 0.18

2. Computation of Thickness Freld AH i = (x.))
1

For an upper air thickness field of several hundred kilometers, its distribution is assumed
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to be a certain curved surface and the thickness field can be obtained approximately by the
curved surface fitting. The commonly used method is quadratic surface fitling. In this pa-
per, actyal thickness is replaced by fitting thickness B(x.)) approximation.

-'\Hif (x5 ) =~ Blx, y) ;? =b+hx+oy+bx Hhxy oy (10}

where x,) are distance of observing stations to the origin of coordinates. The following equa-
tions can be obtained hy using least square method:

by > 3 Fb i‘,xﬁb; i".y.-fb_‘}"jxhbli 23+ b Z yi= iAH,
ba Lx. by Zx + b, 2, %¥i b, Lx( b Zx » -bal 5y im.-x.-
b]}ﬁy —b, Z ERY rbu,dy, begv‘-O—b Zx ¥ +b521y, ZAH ¥
b N e b S 5N xlye b Sl 0D wlyi b S aiwi= S AH
B STTAL QRIS SEEE AL SETIIE T gPEI IS Gpore

S S A
b. i,_v]—’rb,i xivi b i;ﬂ?*bsi x?y';’+b.12n: %30 + b Z y‘i:ii\\H;yi

namely,
(:'\_" Fx Xy Fx Zaxy Z oyt \ /bn“ /EAH
Sx Sxt Zxv Sx Zx'y Zxy tbl  EAHx
} Dy Fay 2y Sxly Zxyt 2 b | | ZAHy
S Ik Ixv Zxt Sty Ioiy||b | ZaHw )

ITxyv IZxty Jay! Dx'y Zxty Zaxy’

€y ZAH-xy
£ .

Zv Sayt Zyd Txly? Xaxyd s CEAH -y

"
In the above-mentioned equations, Z is replaced by X, thc sobscripts of x; and y.
AH , are omitled, and ¥ is the number of upper air data,

The equation of the quadratic surface has 6 coefficients; therefore, data from over 6
stations are needed. Mormally. the region of stations selected should be larger than the ana-
lysed one, and should be scatlered around the region with | or 2 stations in the center. The
thickness taken from soundings is substituted into (11} for the solution of b; (j=0.1....5).
Finally. they are substituted into (10) to obtain fitting thickness over ground stations
according to coordinates x.y of ground stations.

When sounding data are less than 6 but more than 3, and analysis region is relatively
small, a Jinear planar fitling can be made for the thickness over ground stations. Re-
sults similar to that of {11) can be obtained with the same method.

We verified quadratic surface fitting thickness by using the data from the sounding
network of the Bastern China Mesoscale Experiment, Twenty or so sounding stations
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were added to the area of 7 conventional sounding stations (Xuzhou, Shevang, Fuyang,
Nanjing, Anging, Hangrzhou, Shanghai) in East China, and the sounding data of 90 km
in horizontal distance are available. There were altogether 29 sounding records in  this
region at 0800 May 30, 1982, The root-mean-square error for the 400--850 hPa thickness
fitting value is 10.9 gpm. Twenty-four sounding records were obtained within the area
at 0800 June 17, 1982, with root-mean-square error being 10.1 gpm. Such a difference
was probably due to the fact that the comparatively dense sounding data reflected cer-
tain mesoscale disturbances.
Substituting (9 and (10} into (2). we have

g LAB), Bl )] (12)

Figures 2 and 3 are the £ distributions computed with denser-spacing sounding data for the

115 115 117 138 13 120
| g 40 RO 80
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1
Fig. 2. The E distribution for 080D June Fig.3. The E distribution for the same time as
17,1982 computed by denser sound- Fig.2 computed by fitting method.
ing station. Unit: 9.8 Jkg
{Thereafter),

experiment, and F4? distribution obtained from {12) based on data for the above-mentioned
7 conventional sounding stations at 0800 June 17, 1982, separately. 1t can be seen Lhat the £
distribution obtained by two methods are basically consisient in patterns, except for remote
regions. Therefore, the high-resolution £ analysis method is reliable,

Because METAR has surface data every hour while conventional upper air thickness data
are obained once every 12 hours, for thickness of non-sounding time, B(x.)) can be transla-
tionally extrapolated. Let X=x—u{f—z,) and ¥=y—v (t—1,),where v and v are the moving
speed of thickness field. Generally, they can be given according to the moving speed of upper
air trough or ridge al a forecast time. 1, is the time for upper air sounding. Thus,

E:f =5 ol A{fes t)’;j —Blx—u(t—1), y—o{i —:D)):j 7. (13)

Horizontal distribution of hourly instability energy can be obtained according to (13}, When
weather situation is stable or ¢ —, is comparatively small, we can also simply assume that the
change in thickness field s rather small within a short period of time (at feast relative to the
change in surface elements), and the thickness of correspoudin_g time is replaced by that at 0800,
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With the development of numerical weather prediction, we can also obtain thickness distribu-
tion several hours in advance using the result of numerical prediction.

1V, APPLICATION

A comparison is made between the high-resolution £ analysis method and the method for
computing £ with only conventional sounding data. i.e. the low-resolution method, Figure
4 shows the low resolution E distribution for the eastern China at 0800 May 30, 1982, It
can be seen from Fig. 4 that there is a wide £ ridge stretching from SW to the lower reaches of
Changjiang River. A 20x9.8 J/kg isopleth reaches as far as the area north of the Changjiang
River. It seems that the areas in the middle and lower reaches are favourable to the occur
rence of severe convective storms.  As for the actual location of occurrence. it is difficult
to judge. Figure § is the high-resolution £ distribution for the same time as Fig. 4. It

1';-1 120 E
100 120 '
\ N
gt 35 e i S S - | 21
e St v B
ZHENGZHOU XJ7.40JD el ‘ N 1
7/¢HF‘JAI\G ‘ 5HEYANJ\I ‘ H
| /%/;i
su’\ /
/ / e NANJING
' HANKDL] /— SHANGHAI
/ HAI\GZHGU |
—————— —4 Ha
e 7, /\ " !
20 / /NANCHA"IH !
CHANGSA ! :
0’ 24 eu 40 S A N — S - S
J— . [ JU SV S ,' R
Fig. 4. Low-resolution E distribution at Fip. 5. High-resolution E distribution
0800 Mav 30, 1982, for the same time as Fig. 4.
Shaded area is thunderstorm
area at 1500.

corresponds to the area encircled by datted line in Fig. 4. In this figure, £ distribution pre-
sents an obvious (J shape, and there are 3 areas of large £ value. which are all higher than
F values of the four conventional sounding stations (Manjing, Sheyang, Shanghai and Hang-
zhou) in the region, The distribution of such mesoscale instability energy is smoothed in Fig.
4. In facl, thunderstorms occurred along Yuyi, Gaoyou and Hangzhou Bay from 1100 am
that day. In Fig. 5 the two areas of large £ value in the north corresponds to the two active
thunderstorm areas: hail and gale occurred in a large £ area near Hangzhou Bay in the south.
High-resolution £ distribution at 0800 that day corresponds to the severe convective storm
activity 12 hours later quite well. For very short range forecast of severe convective storms,
it is more effective than the low resolution analysis.

The analysis method of high-resolution instability energy has not only improved the spa-
tial tesolution of stability analysis, but alse raised its temporal resolution. As shown in
Fig. 2, there was a large £ value near Xuzhou at 0800 June 17, 1982, Thunderstorms occurred
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in northern Xuzhou first in the afternoon. By about 1740 the thunderstorm area had
moved near Lingbi and Guzhen, thunderstorms strongly developed, and hail and gale of 33
m/s occurred.  Figure & shows the instability energy distribution at 1700 obtained by using
high-resolution £ computing method. The center of £ was moving near Lingbi, consistent
very well with the area of severe storms half an hour laier. The magnitude of positive valuc
center and that of horizontal gradient of E are closely correlated with the strength change and
moving direction of thunderstorms in a short period.

155 118 nr 18 138 120

l

b
~ 117
A

Fig. 6. Distribution of £ and thunderstorm at 1700 June 17,1932,

40

From Junc to August 1985, the high-resolution analysis method of E was used in Nan-
jing. Surface data used were METAR, which were obtained once an hour for the Nanjing
Military Area. The average distance among 51 ground stations was about 60 km. The thick-
ness of 850-300 hPa was obtained from conventional sounding data of about 10 stations in
and around the Military Area. The horizontal distributions of £328 divergence, flow field,
g.. elc. can be obtained in graphic form 20 seconds after data input.  In the operational work,
computation is done at 1000 every day. In case there exists a condition favourable to the oc-
currence of severe convective storms or when a thunderstorm has already occurred, the num-
ber of computation would be increased. Computation is done at 1000 am becuase the 850
hPa and 300 hPa upper air data for 0800 can be received at about 1030, when inversion near
the surface had basically disappeared by then, and computational results are representative.
It was seen from the tests that the distribution chart of E at 1000 was a good indication of se-
vere convective storm activities in the afternoon and at dusk. For example, in the high-reso-
lution distribution chart of £ at 1000 June 24 (Fig. 7), there was a region of positive value
exceeding 100 x 9.8 J/kg in the south, while in the north, the E isopleth was very tight. A strong
convective storm occurred just near the large value region in the afternoon. This process oc-
curred somewhere among the three sounding stations of Anging, Hangzhou and Juxian.
Obviously. it is difficult (o forecast this severe convective storm only with data of the above-
mentigned sounding stations. It can be seen that a high-resolution analysis of £ can

o —— . ¢ u
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show mesoscale characteristics of £ and provide valuable information for severe convective
stortn forecast, Therefore, it is a useful tool.

The horizontal distribution of £ directly reflects the buoyancy instability in the region,
and it is also related to baroclinic instability. The occurrence and development of severe con-
vective storms are also closely correlated with the disturbance of flow field in the boundary layer.
An analysis of Nanjing Area shows that the vorticity of surface wind is less correlated with
severe conveclive slorm aclivities. The combination of high-resolution horizontal distribu-
tion of E and surface divergence gives better results.  The maitching areas of positive value
center of E over 40 % 9.8 J/kg at 1000 with its convergence center below — 10~4s~in the surface
observing network are usually those regions where the afternoon thunderstorm often occurs.
Normally, thundersiorm moves to the positive value center of E and to the convergence
center. When both gradients of E and convergence are relatively large in the direction of thun-
derstorm movement, the thunderstorm will obviously be intensified in a short span of time.

V. CONCLUSION

Observations show that the air involved in cumulus convection comes mainly from the
lower layer of atmosphere. The magnitude of instability energy released by low-level air during
its ascent has significant influence on the occurrence and development of severe convective
storms. Within the boundary layer, harizontal distribution of atmosphere state is rather non-
uniform and dinural change is very great, which are important for the activity of severe con-
vective storms.  Based on this undersianding, the geopotential thickness difference method
for compuling instability energy and the high-resolution analysis method of instability energy
were suggested in this paper. These computating methods not only facilitate the computation
of E in operational work, but also significantly increase its temporal and spatial resolution.
The horizontal distribution chart of £ with high resolution and surface divergence field may
explain some phenomena in the occurrence, development and movement of severe convective
storms, and they are useful to the analysis and forecast of heavy rain and severe convective
storms.
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