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The Relation Between the Gravity Current in the Atmospheric /58

Boundary Layer and Local Heavy Rainfall

Zhu Cui-juan and Li Xing-sheng

(Institute of Atmospheric Physics, Academia Sinica)

ABSTRACT

In this paper, rain detecting radars, a 325 meter meteor-

ological tower, and conventional meteorological data were used

to analyze the boundary layer structures before and after the

formation of a frontal storm in Beijing. It pointed out that:

as the front passed by, several surges of the gravitational

current emerged in the lower level. The leading edge of each

surge had a strong upward motion. The maximum reached 35cm/sec.

Each gravitational current surge was associated with a heavy

rainfall. The gravitational current was capable of producing a

gravitational wave with a period of several minutes up to 20

minutes.

I. INTRODUCTION

A rainstorm is a mesoscale phenomenon. its formation is

the result of the mutual interaction among several moving sys-

tems of various scales.El In the past, most of the studies

were concentrated on the investigation of large scale meteoro-

logical conditions. Although some exploration has been done

regarding the triggering factor of the scale in a rain storm,

yet due to the limitations of the exploring tools in space and

time, there are still many difficulties to fully disclose the

objective facts. In this paper, the weather chart, weather

* radar, and data obtained on a 325 meter meteorological obser-

vation tower were used to analyze the rain storm in Beijing on

* August 10-11, 1979 in detail. It was discovered that the form-

ation of the rain storm was related to the occasional occur-

rence of the gravitational current (or called the density cur-

rent) in the atmospheric boundary layer and the gravitational

wave produced by the gravitational current.

in fluid dynamics, a gravitational current is the flow of
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a high density fluid towards a low density fluid along the hori-

zontal direction. In the atmosphere, the currents in a cold

front, an on-shore wind, and a thunderstorm are gravitational

currents. However, they are significantly different in terms of

scale, history, and intensity. The experimental work performed

by Simpson [ 2 et al is an important basis for the understanding

of thunderstorm currents or thunderstorm fronts by people and the

establishment of flow field models. Many studies [3-41 showed

that there was a dynamic similarity between the thunderstorm

current and the gravitational current in the laboratory. They

could be simulated very well by a similarity parameter, the

Froude number. With regard to a cold front density current, its

characteristics and structures were carefully analyzed by Clarket51

Brondidge(6 , etc. But, they were limited to the. understanding

of the weather scale. In this paper, an attempt was made to use

various exploratory methods to more profoundly analyze the

boundary layer characteristics of the gravitational current, and

the relation between the rainstorm and the gravitational wave

produced in order to provide further facts in the investigation

of the triggering mehanism of a mesoscale rainstorm.

II. WEATHER SITUATION AND RAIN CONDITION

a) Ground Weather Situation. At 8pmr on August 10, 1979

there was a cold front between the Red Peak in Liaoning Province

and Hechu in Shanxi Province moving in the southeast direction.

At 2am'on the 11th, the cold front moved near Beijing. At 11am

the front moved south along the line between Tainjin and Taiyuan.

During the process as the front moved southward, a large area

of thunderstorm activities was distributed along the front in

the shape of a belt (graph omitted).

Received on May 13, 1980. Revised Manuscript was received on

July 11.

When the cold front approached Beijing, the direction of cold /59

air moving in the lower level near the Beijing area along the

front suddenly showed an effect of leading forward. This
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phenomenon might be caused by the terrain of the Beijing area.

When the cold area passed the Yanshan Range to enter the Northern

China Plain, it showed an acceleration effect. Such a phenomenon

has also been analyzed in the study of rain storms in Southern

China. [7  After a natural scale cold front passed over the
Nanlin Mountains, cold air suddenly extended southward towards

the Pearl River Delta, and the Haifeng region which is near the

Heshi Bay Plain.

b) Low Level Pressure Fluctuation. Before and after the

ground front series passed by, the pressure variation at a

single station showed significant fluctuations. The pressure

average for each hour was found from lam on August 8th to 12

midnight on the 11th, and an average daily pressure variation

curve was obtained. Then, the difference between the pressure

of each hour on each day and the corresponding average pressure

was found to obtain a pressure deviation for each hour and day.

The distribution curve was apparently formed by two types of

waves of different dimensions (figure omitted). One has a long

wave on the scale of the weather. The pressure trend had been

decreasing before 11pm on the 10th, and increasing after it.

The other scale was several short waves whose average cycle was

3-4 hours on top of the fluctuations on the weather scale. The

amplitude of this short wave was approximately 1.5 -3.5mPa.

After 11pm on the 10th, a cold front passed by. Such a wavy

pressure variation was accompanied with showers.

The sounding curve for the sky in Beijing at 2am on August

llth showed that the atmospheric layer structure was stable. At

the upper part of the convection layer, there was a relatively

larger unstable energy region. At the lower part of the convec-

tion layer, there were multiple layers of temperature inversion

in the temperature layer structure. The first layer was from

the ground to 10OOmPa. It was estimated that this layer was

caused by ground radiation at night. The second layer was

between 960-92OmPa. The third layer was between 740-700mPa.

The fourth layer was between 456-445mPa. These temperature

inversion estimations were related to the sinking motion in the

3



lower part of the convection layer. In combination with the

multiple fluctuations in the pressure rise behind the front,

these short waves were related to the multiple occasional sink-

ing release phase of the cold air. This was a kind of gravita-

tional currents. The occasional gravitational current in the

pressure field was reflected by the multiple fluctuations.

c) Rain Characteristics. The rain occurred on the evening

of August 10th until the afternoon of the 11th. The total rain-

fall measured at the 325 meter meteorological tower in the

northern suburb of Beijing was 52 millimeters from 11pm on the

10th to 9pm on the l1th. The rainfall was obviously showers. It

was basically formed by two showers (figure omitted). Each

shower lasted approximately 5 hours. Furthermore, it was formed

by several rainfall pulses. For example, the rainfall process

between 2 to 4am on the 11th was formed by three pulses, and

they were 2pm to 2:10pm, 3pm to 3:05pm, and 3:30pm to 3:50pm,

respectively. The rainfall reached 4.8 millimeters in 20 min-

utes.

III. MULTIPLE SURGES OF THE GRAVITATIONAL CURRENT AND THE RAIN
STORM

In this process, in addition to the appearance of an ap-

parent gravitational current when the ground front passed by,

several surges of gravitational current emerged several scores

of minutes apart. They were closely matched with the rainfall

pulses recorded on the automatic rainfall recorder. This indi-

cated that the multiple surges of the gravitational current in

the boundary layer has a close relation to the intermittency of

heavy showers. In the following, an analysis was made on the

boundary layer characteristics using the data observed at the

325 meter meteorological tower in Beijing between midnight to

7 o'clock on August 11, 1979:

a) Temperature Field Structure: Figure 1 is the tempera-

ture average data at various altitudes at 5 minutes apart. The

spacing between the equi-value lines is 0.5°C. From 11:55pm to

midnight on the 10th, there was a temperature concentration

region from the ground to an altitude of 325 meters. This was
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the passing of the ground front. From 1:25 to 1:55am on the

llth and 3:30 to 3:55am, temperature concentration zones again

emerged. The temperature concentration zone inclined backward

with altitude. In addition, there were some temperature concen-

tration zones which did not reach ground, such as 2:05 to 2:10am

and 2:55 to 3:00am. The rear of these temperature concentration

zones was the cold air center. The altitude of this "cold cen-

ter" was approximately over 100 meters." The temperature under

this "cold center" was slightly increased. Corresponding to

these temperature concentration zones, in addition to the

cold front rainfall, a shower was produced at around 2:05am.

The amount of rainfall in 10 minutes was 0.5mm. Another shower

was produced at around 2:55am, and the amount was 0.4mm in 5

minutes. From 3:35am to 3:50am, the rainfall amount reached Smm./60

Afterwards, the surge of the gravitational current was no longer

obvious. The corresponding rainfall was greatly weakened. Only

some continuous light rain was observed.

b) Wind Field Structure. The wind data measured at the

meteorological tower pointed out that during this period a gust

center appeared every scores of minutes. The altitude of the

gust cener was approximately 240 meters. In order to analyze

more clearly, the actually measured wind underwent u, v decom-

position. x was chosen as the direction of frontal movement and

y was the direction parallel to the front. Then, u and v are

the wind velocity components in the x and y direction, respec-

tively. The component analysis is shown in Figure 2. For sim-

plicity, only the u component was given in the figure. In the

u component field, one can see several gust centers. The gust

centers corresponded to the temperature field front zones, one

to one. In other words, behind temperature discontinuity re-

gion, there was a high wind speed center. The gust center could

be as high as 10m/sec. its altitude was located at 240 meters.

Another fact worthwhile mentioning is that intense wind direc-

tion shears emerged between 65 meters to 80 meters. in order

to be more careful, we checked the wind measuring data at other

times in detail and verified that the observed data on these
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two levels was normal. The presence of this shear indicated the

presence of a current in the lower part which was in the opposite

direction of the upper part. This was the reverse current in

the lower part of the gravitational current. Such reverse cur-

rents had been pointed out in the experiment by Simpson. Goff

et al also discovered this fact through an: analysis of the cold

currents in 20 thunderstorms. However, it is very meaningful to

obtain such clear reverse current shears from multiple surges

in a cold front gravitational current. Looking from the struc-

ture of the aforementioned temperature field, the bottom of the

"cold center" was about 47 meters. Hence, the discontinuity of

an important factor field demonstrated the multiple surges of

the gravitational current only reached an altitude several scores

of meters above the ground. This has a special effect on the

transport of momentum and heat at a lower level.

In order to further clarify the analysis of a current field,

we introduced a current function X. On the x-z p~lane, it was

defined as:

dX d + ' d.(A)

ex as_

Let a, a8x (B)

Then dz--wds +Uda mudz (C)

a m~ds = At, 1+ ANN, . ha (1).AM

The current function distribution calculation according to

equation (1) was as shown in Figure 3. Each surge had an in-

tense corresponding updraft motion. The lower levels at 2am

and 4am had apparent shears.

c) Vertical Movement. In order to further understand the

structure of the gravitational current, we calculated the

6



vertical movement distribution at various levels on the tower.

In a two-dimensional current field (x,z), a time-space trans-

formation was carried out:

0: (2)

where c is the frontal movement speed. According to the empiri-

cal equation[4
c - 0.67 wm (D)

where vLmax is the maximum wind velocity at the tower level.

on the x-z plane, it was considered as an incompressible

fluid. Then, the continuity equation could be written as:

amn 0. (3

Substituting (2) into (3), then we got

+. h,(A.1) +.h.... (4) /61

where at = 5 minutes was used in the calculation.

The vertical velocity obtained through a calculation based

on this formula is shown in Figure 4. The strong updraft region

agrees with the current function. it is located at the leading

edge of the temperature concentration zone. It matches with the

surges in the gravitational current behind the front. The maxi-

mum upgrade motion could reach 35cm/sec. This also showed the

reason why the high intensity of shower mainly occurred behind

the front.

7
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Figure 2. The time-space cross-sectional diagram of the wind
velocity component u from 11pm on August 10, 1979 to
7am on the 11th

1. 7am
2. 6am
3. 5am
4. 4am
5. 3am
6. 2am
7. lam
S. midnight on 10th
9. 11pm on 10th

10. minutes
11. altitude
12. meters
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Figure 3. The time-space cross-sectional diagram of the current
function from 11pm on August 10, 1979 to 7am on the
11th.

1. 7am
2. 6am
3. 5am
4. 4am.
5. 3am
6. 2am
7. 1am on the 11th
8. midnight onl the 10th
9. meters
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Figure 4. The time-space cross-sectional diagram of the vertical
velocity from llpm on August 10, 1979 to 7am on the
llth.

1. 7am
2. 6am
3. 5am
4. 4am
5. 3am
6. 2am on the l1th
7. lam on the llth
8. midnight on the 10th
9. meters

IV. DISCUSSION /62

1) Before and after a cold front passed by, from the

pressure deviation curve of a single station one could observe

the presence of waves whose period was 3-4 hours. This wave

had an important effect on the showers. It was caused by the oc-

casional surges of the gravitational current. From an analysis

of the continuous data observed from a 325 meter meteorological

tower, in the boundary layer atmosphere there were fluctuations

whose cycle was several minutes to several scores of minutes.

They were consistent with the showers. We performed a spectral

analysis on the V field of the total wind velocity from lam to

7am on August 11, 1979. First, the following formula was used



to calculate the correlation function [81 of V:

R,(V) - (V. - 1,)(VU.,, - 1.) (5)

where Z= 0,1,2 ....... M. N is the total number of the time se-

quence. After making the Fourier transformation of the correl-

ation function, we get:

P4(V) - 4W ± R,(V)e,cas. , cog , (6)o M Pd

where k = 0,1,2 ....... M. M is the maximum time delay number,

and UL is the lagging time factor.

Equation (6) was used to calculate the spectral functions

of V at two altitudes of 47 meters and 240 meters. Figure 5 is

the distribution of the two spectral functions Pk(V) at these

two altitudes with frequency. The calculated results showed

that the peak zones occurred within an period of several minutes

to 20 minutes. The transition of the peak region towards the

high frequency direction was very steep. This was expecially

apparent at an altitude of 240 meters. The sounding curve of

Beijing at 2am on the 11th showed that the entire layer was

stable in the layer structure. Therefore, such periodical fluc-

tuations undoubtedly were a type of gravitational wave. Because

of the presence of a relatively large potentially unstable zone

in the upper part of the convection layer, this gravitational

wave had a significant meaning with regard to the excitation of

potentially unstable energies.
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Figure 5. Spectral Distributions P (V) of V at various altitudes
on a 325 meter meteorological tower from lam to 7am
on August 11, 1979.

1. relative value
2. frequency (Hz)
3. 240 meters
4. 47 meters

2) The surges occurring in the gravitational current of

the atmospheric boundary layer could cause an upgrade velocity

of the order of 101cm/sec. However, the upgrade velocity of

rain producing clouds could reach an even more considerable ex-

tent. Figure 6(a) is the vertical cross-sectional diagram of

the increase of a single cloud in the west suburb at 11:07pm on

August 10. Figure 6(b) is the vertical cross-sectional diagram

of the cloud at 11:08pm. Based on the time between the two

photographs and the altitude of the cloud extension, the rising

velocity of the cloud could be roughly estimated to be approxi-

mately 30 meters per second. Such a strong upgrade current led

to the intense shower which took place around 11:40pm.
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3) The surges of the gravitational current caused some

meteorological factors to vary significantly in the near ground

layer. This had a special effect on the transport of momentum

and heat at the lower layer. We performed the following analy-

sis on the transport of momentum and heat:

Let us define the momentum flux and heat flux as T and H.

respectively. They were expressed by the formula:

OV

ra -- pK 7

Figure 6. Vertical Cross-section Patterns at Radar Return /63
11:07 and 11:08pm on August 10, 1979.

H - -,K 8 (8)

where P is the density of air, 9 is the temperature at the

14



location, V is the total wind velocity, and K is the exchange
coefficient. Here, the form given by Blachader [91 was adopted:

+ Y (Ii 'it) i i , .
K - (9)

Ktzw, as j (I - 'ii i t

1. when R.< 0

2. when R. > 0
1 -

where R. is the Richardson number of the stability parameter,

which can be expressed as the following:

Re/dZ
8 (du~

- k(z + zt) (10)

~. k.( + '0

X 0.00027.,/-4

where k0 is the Kalman constant. Here, it was chosen to be 0.4.
z0 is the ground roughness altitude, u is the ground spinning

wind velocity, and f is the ground spinning parameter.

The calculated results showed that, during the surges, the

momentum flux and heat flux in the boundary layer varied signif-

icantly. For example, at 1:30am on the llth (during the first
surge of the gravitational current after the cold front passed

by), the momentum flux near an altitude of 65-80 meters could

reach 152 x 103g/m.sec 2 downward. The heat flux was
0.32 x 103cal/m2 .sec upward. It is worthwhile pointing out



that, 1 hour before and after the surge, i.e., around 12:30am

33 2
the momentum flux was 0.11 x l03g/n.sec 2 and the heat flux was

0.15 x 103cal/m2 .sec; and at around 2 :30am, the momentum flux
3 2 3 2was 8.2 x 10 g/m.sec and the heat flux was 0.07 x 103cal/m .sec.

The orders of magnitude were much smaller than those during the

surge. Expecially the momentum flux, it could be increased by

1-3 orders of magnitude during a gravitational surge. Similar
changes were observed in the later surges. However, the amount

of variation is less. From this one could see that the momentum

transfer in the lower level might be primary in the mesoscale

triggering mechanism of a rainstorm.
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