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ABSTRACT

An objective analysis of the wind and mixing ratio using three-

hourly surface observations was used to obtain patterns of horizontal

moisture convergence over the eastern two-thirds of the United States.

Sixty-three segments of time periods during April and May 1970, were

examined. All cases chosen had severe weather occurring during some

portion of the entire period.

A comparison was made between the fields of horizontal moisture

convergence and reported severe weather occurrences. It was found that

severe weather tends to develop at or closely after the timae of strong-

est moisture convergence. Results of a quantitative study indicate

that it may be beneficial to calculate horizontal moisture convergence

on an hourly basis for use as a severe weather predictor.



LIST OF SYMBOLS

a mean radius of the earth

b one half the length of the minor axis of the ellipse used in
the weight factor

D distance from the grid point to the boundary of the elliptic
region along the direction of the position vector locating the
station with respect to the grid point

d distance between the grid point and observation point

e vapor pressure

MC horizontal moisture convergence

p pressure

q mixing ratio

td dew-point temperature (Celsius)

U zonal component (along the X-axis) of V

u component of I along the x-axis

V horizontal wind velocity

V meridional component (along the Y-axis) of V

v component of V along the y-axis

W weight factor used in objective analysis

X curvilinear distance along a latitude circle

x axis of a rectangular grid along a standard longitude on the
image plane of a polar stereographic map projection

Y curvilinear distance along a longitude circle

y axis of a rectangular grid perpendicular to a standard longi-
tude on the image plane of a polar stereographic map projec-
tion



ratio of the length of major to minor axis in the elliptic
weight factor

cosine of the angle between the vectors of wind velocity at
a grid point and at an observation point

ý latitude

CPO standard latitude (60N)

a image scale factor



1. INTRODUCTION

Areas of possible severe weather development are normally

delineated with the aid of many parameters and indices (U.S. Weather

Bureau, 1956; Miller, 1967). Parameters considered to be important

include low-level moisture, vertical motion (or convergence), and

stability. An index combining moisture with a kinematic quantity,

such as divergence, has been shown by many investigators to relate well

to areas of convective activity and severe weather occurrence (e.g.,

Sasaki et al., 1967).

In an early model developed by Beebe and Bates (1955) the

concept of "divergence over convergence" is used to describe how low-

ievel convergence produces parcel instability and causes moisture to

be carried upward. Recent work by Stuart and Krishnamurti (1970)

lends further support to the importance of the above concept. In a

study of mesoscale convergence related to cumulus activity over the

coastal area of the Japan Sea, Matsumoto et al. (1967) concluded that

active cumulus convection whose tops exceeded 5000 m exists only in

-4 -1
the mesoscale convergence zone of the order of 10 sec and that

areas of convergence moved coincidentally with the convective activity.

A good correlation was also found by Hudson (1971) between convective

activity and fields of horizontal moisture convergence over the United

States computed for a layer extending from the surface to 10,000 ft.

Earlier work by Breiland (1958), concerning the development

of instability lines, stressed the importance of horizontal convergence

I I || ||lll mumm mmm - . .. . . 1 ........1
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in the lower level. in a region of favorable moisture and temperature

distributions. The importance of using quantities that depend on the

field of motion to identify areas of severe storm formation is also

discussed by Endlich and Mancuso (1968). Specifically, the product of

vertical motioti and available moisture was found to relate well to

areas where severe storms develop.

Until very recently (e.g., Lewis, 1971) all of the computa-

tions mentioned thus far have been calculated either over a small area

on a meso-scale using surface and/or upper air data, or on a synoptic-

scale using upper air data alone. The fact that a correlation was

found between moisture convergence and convective activity using rawin-

sonde data, where the average distance between stations is approximately

200 n mi, strengthens the feasibility of trying to relate calculations

on a synoptic-scale to mesoscale weather phenomena using surface data.

Work by Lewis (1971) demonstrates that this is practical and possible

with the use of proper objective analysis routines presently available.

A very simplified approach to the role of horizontal moisture

convergence in the development of thunderstorm activity has been taken

in this paper. Objectively analyzed fields of surface mixing ratio

and surface wind components are combined to calculate fields of horizon-

tal moisture convergence. Three-hourly surface observations are used

as the source of data. For simplicity the effects of surface friction

and topography are ignored. The moisture convergence computed from

the surface data is assumed to represent the moisture convergence on
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a horizontal plane near the ground. In this paper, the term hori-

zontal moisture corvergence is synonymous with moisture convergence at

the surface of the earth. The convention has been taken that positive

values of moisture convergence indicate moist air advection and velocity

convergence.



2. DISCUSSION OF DATA AND METHOD OF ANALYSIS

Five cases were studied covering the periods of 62 time segments

(see Table I). These periods range in length from 18 hrs to two and

a half days (6 to 20 three-hourly observation times). All cases chosen

were days where severe storms had occurred, but, included several dif-

ferent types of synoptic situations. Observations utilized in the com-

putations of mixing ratio and horizontal moisture convergence are

stored on the National Severe Storm Forecast Center (NSSFC) Surface Data

Tape. The data used for each station was latitude, longitude, tempera-

ture (deg C), dew point (deg C), wind direction and speed (knots), and

station pressure (mb).

Mixing ratios were computed for each surface station using

Tetens' empirical formula for vapor pressure

(a td
e = 6.108 exp (b--td .

where a = 17.269388, b = 237.3, and td is the surface dew point in de-

grees Celcius, together with the definition ot mixing ratio

'622 e
1) - e

where q is the mixing ratio (gm kg-]), p is the surface station pres-

sure in millibars, and e is the vapor pressure (mb).

I I " ' . .. . . . .. .. .... .... . . . ... ...
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TABLE 1. SURFACE DATA

First observation time in cases Number of consecutive
observation times in case

0600 GMT 12 April 1970 8

1200 GMT 15 April 1970 6

0000 GMT 18 April 1970 18

0600 GMT 29 April 1970 20

0000 GMT 11 May 1970 10

Before an objective analysis procedure is employed some consi-

deration must be given to the type of data being analyzed and the de-

sired results sought from the analysis scheme. The correlation sought

here is one between synoptic-scale patterns and mesoscale weather phe-

nomena. If such a correlation is to be found it seems desirable that

the final analyzed fields be free of small-scale irregularities, such

as those causes by local terrain or individual thunderstorms in the

vicinity of the observation point, yet be able to portray necessary

detailed flow features and retain spatial gradients as indicated by

observations. According to EndLich and Mancuso (1968) it is also

desirable to avoid assumptions of quasi-geostrophic balance and adia-

batic motion which do not apply to squall lines and thunderstorms.

With these goals in mind the toliowing objective analysis procedure

was developed.



6

2.1 Objective Analysis Scheme

The area of analysis includes most of the continental United

States between the Rocky Mountains and the Atlantic Ocean. This area

is covered by a 21 x 27 grid network (see Fig. 1) with a grid interval

of approximately 68.5 n mi. The average number of surface stations

inside the grid network was 268, and the average distance between sur-

face stations is approximately one gridlength.

The scheme of the objective analysis is a successive approxi-

mation procedure similar to that developed by Cressman (1959). How-

ever, the procedure used here includes a modification which allows ob-

servations within an elliptical region to correct previously determined

estimates of the analysis at grid points and results in a desirable

selective smoothing of the fields along the direction of the flow

(Inman, 1970). The weight, W, applied to any observation within this

region is determined by

W = P
2 D2 _ d2

D2+ d2

where d is the distance between cne grid point and the observation

point, D is the distance from the grid point to the boundary of the

elliptical region along the direction of the prsition vector locating

the station with respect to the grid point, and P is the cosine of the

angle between the wind velocity vector at the grid point, and the wind

velocity vector at the observaLion point. W is set to zero if B is

less than zero. D2 is calculated according to

)
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D_2 
b 2

I-e 2 )cos2

where b is one half the length of the minor axis of the elliptical

region, o is the ratio of the length of the major a.-is tc that of the

minor axis, and e is the angle between the position vector locating

the observation and the wind velocity vector at the grid point.

The analysis of the wind fields utilized later in the analysis

o- the mixing ratio fields, were determined using the values of b and

e given in Table 2 on three successive scan. through the data. Values

of b and o' used in analyzing the fields of mixing ratio are shown in

Table 3.

As stated above the analyzed values of the wind at each grid

point were used for the analysis of the fields of mixing ratio. In

other words, instead of using the repcrted wind data at an observation

point to determine B and 0 in the correction factor to be applied Pt

each grid pL'-nt, interpolated values for each observation point cal-

culated from the analyzed wind field for that time segment were util-

ized.



TABLE 2

VALUES OF b AND a USED FOR THE WIND ANALYSIS

FOR THREE SCANS THROUGH THE DATA

1st Scan

Pass b (.grid increment) __

1 4 1 (circkilar)

2 2½ 2

3 2 2

2nd Scan

Pass b (grid increment)

1 3 2

2 2½ 2

3 2 2

3rd Scan

Pass b (grid increment) 0!

1 3 2

2 2½ 2

3 2 2

4 1½ 2



TABLE 3

VALUES OF b AND a USED FOR THE ANALYSIS

OF THE FIELDS OF MIXING RATIO

PasL. b (grid increment) C

1 4 1 (circular)

2 2k 2

3 1I 2

9



3. COMPUTATION OF HORIZONTAL MOISTURE CONVERGENCE

Analyzed values of mixing ratio and wind (u- and v-components)

were used to calculate the horizontal moisture convergence patterns.

In spherical polar coordinates the two dimensional horizontal moisture

convergence (MC) is:

MC= - H (q?) - [aSX + SY) "Vtat (
H ax 1

where • is the horizontal wind velocity, q is the mixing ratio (gm kg'),

U and V are zonal and meridional components of V, respectively, X and

Y are curvilinear distances along latitude and longitude circles, re-

spectively, a is the mean radius of the earth, and cp is the latitude.

Using Phillips' (1957) expression for divergence on the polar

stereographic map projection, (1) becomes

MC 2- B2r(qu/) + 2(qv/a)] (2)SBx 6 y J

In (2) a is the image scale factor,

1 + sinp0o

I + sirnp

CO is the standard latitude 60N, and u and v are the components of the

horizontal wind along the x- and y-axis, respectively (positive x-axis

south; positive y-axis east), of a rectangular grid on the image plane.

10
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For our purposes the image surface is a plane which passes through the

earth at the standard latitude.

As defined in (2) the horizontal moisture convergence (MC) may

be expanded to show two parameters frequently used to relate the kine-

matics of the atmosphere to thunderstorm formation: velocity divergence

and the advection of moisture.

MC (u-a) + (v (3)

Sa (•x by T X a "y

The first two quantities on the right-hand side of (3) are the product

of the mixing ratio and velocity divergence, and will be referred to

simply as the divergence term. The last two quantities make up the

advection trrm.

These terms tend to have largest negative values under condi-

tions of horizontal convergence (first term negative) and advection

of moist air (second term negative). Thus, MC is a measure of an in-

flow of moist air and upward motion near the surface.

The effect of orography is considered to be relatively insig-

nificant in comparison to the terms appearing in (3) and is neglected

in this study. Therefore, (3) will be used to approximate the hori-

zontal moisture convergence at the surface of the earth. A discussion

of the orographic effect is presented in Appendix A.

The values of MC were calculated at the interior grid points

using the following finite difference equation, corresponding to (3):
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a2 j, -
MC - - __ qj 2& ti+l,

Sa a~~ T '-

+(~ (q -q

a ( i+l,j -l,j

+ ( i~ (qi,j+i ij1l (4)

where • is the distance between grid points (A = 127 km).

3.1 Comparison of Terms

The surface synoptic pattern and radar summary for 0000 GMT

19 April 1970 (Figs. 2 and 3, respectively) and the accompanying fields

of advection of moisture (Fig. 4), divergence (Fig. 5), and hori-

zontal moisture convergence (Fig. 6) will be used to illustrate the

relative magnitudes of the terms appearing in Eq. (3).

The surface chart for this time showed a low pressure center

over central Kansas with an occluded front extending out of the low

pressure area over eastern Kansas becoming a cold front across central

Oklahoma and central Texas. A warm front stretched from southeastern

Kansas to eastern Tennessee. As shown by radar a broken line of thun-

derstorms dnd heavy rainshowers extended from southeastern Kansas,

through eastern Oklahoma, into central Texas. Widespread rainshowers

and thunderstorms were occurring in a large portion of the area from
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the Gulf Coast of Texas to the southern Great Lakes region. Areas of

thunderstorms were also located over cential Texas, the Texas pan-

handle, and western Kansas.

The moisture advection pattern for this time is typified by

moderate moist air advection ahead of the surface frontal system in

the Mid-West with strong dry air advection over northwestern Oklahoma

and south-central Kansas behind the frontal system. The area of dry

air ac ection behind the cold front corresponds well to the echo-free

region over western Oklahoma and central Kansas.

Areas of divergence at this time are related very well to areas

of diffluence over the Great Lakes region, the Carolinas, and western

Texas (Fig. 5). A tongue of moderate convergence extending from the

Gulf Coast of Texas to central Oklahoma occurs along the surface cold

front, with a maximum centered over central Kansas coincident with the

surface low pressure center.

Although the overall horizontal moisture convergence pattern

is seen to be similar to the divergence pattern there are significant

differences between the two. For instance, the tongue of velocity con-

vergence over eastern Texas as revealed by Fig. 5 is located further

to the west and magnified slightly in the MC pattern (Fig. 6) as a

result of stronger moist air advection in this region. Comparison of

this area with the corresponding radar summary (Fig. 3) indicates that

the resulting pattern of MC yields a much better correlation with the

heavy convective activity occurring over the central Texas region than

does the pattern of velocity divergence. This aspect was not unique to



14

this case and it was deemed advantageous to utilize the field of MC

rather than just the divergence pattern to delineate areas of possible

severe weather development.

An estimate of the magnitudes of the horizontal moisture cor-

vergence (MC), advection term, and divergence term was obtained by

calculating the mean of their absolute values over the entire grid

network for 0000 GMT 19 April 1970. A crude attempt was made to separ-

ate large-scale features from small-scale features by isolating the

area around the low pressure center over Kansas and the front extending

over 1Wldhoma and Texas, and labeling this smal)-scale (sub-synoptic).

The remaining grid points in the network were categorized as synoptic-

scale. These results as well as the ratios of the mean absolute values

of advection and divergence to horizontal moisture convergence for the

period 0000 GMT 19 April 1970 are summarized in Tables 4 and 5.

TABLE 4. MEAN ABSOLUTE VALUES OF ADVECTION, DIVERGENCE,
AND HORIZONTAL MOISTURE CONVERGENCE TERMS FOR 1 I
0000 GMT 19 APRIL 1970 (VALUES ARE x 10 gm kg hr-)

Term Large-scale Small-scale Whole grid
(386 grid points) (70 grid points) 456 grid points)

7 (qV): 2.701 8.686 3.62

.vvq 0.916 2.049 1.089

*q•. 2.468 9.044 3.477
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TABLE 5. RATIOS OF THE MEAN ABSOLUTE ADVECTION AND DIVERGENCE
TERMS TO THE MEAN ABSOLUTE HORIZONTAL MOISTURE CON-
VERGENCE FOR 0000 GMT 19 APRIL 1970

Ratio of Large-scale Small-scale Whole grid
Terms (386 grid pcints) (70 grid points (456 grid points)

0.34 0.24 0.30

IVH.

0.914 1.04 0.96

From Tables 4 and 5 it is seen that of the two terms of the

right-hand side of Eq. (3) the divergence term predominates for both

large-scale and small-scale features, and is almost an order of magni-

tude larger than the advection term in the case of small-scale fea-

tures for this particular case.

3.2 Results of Analysis

Two cases will be discussed to illustrate the results of the

objective analysis procedure and the relationship found between the

fields of moisture convergence and severe weather occurrences. Quan-

titative results will be discussed in 4.
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Case 1 -- 2100 GMT 19 April to 0000 GMT 20 April 1970

Surface charts, radar summaries, severe weather occurrences,

and fields of horizontal moisture convergence for this period are

given in Figs. 7 through 14. As seen from Figs. 7 and 11 low pres-

sure dominated the area of analysis during the period. The pair of

lows situated along the quasi-stationary front over southern Illinois

and Iowa at 2100 GMT 10 April combine into one center of low pressure

over northern Illinois by 0000 GMT 20 April. Another low pressure

center drifted slowly southward over Colorado during this three hour

period, however, no significant weather was associated with this fea-

ture. A trough of low pressure lagged behind the cold frontal system

moving eastward through the Mississippi Valley while a quasi-stationary

front remained over the Ohio Valley and mid-Atlantic states. A squall

line moving through central and eastern Alabama triggered several

tornadoes and strong winds in Mississippi, Tennessee, and Florida

during the afternoon and evening hours.

Radar charts for the period (Figs. 8 and 12) indicated a line

of heavy thunderstorms along the squall line over Alabama, and an area

of broken thunderstorms along and east of the cold front. Several

lines of moderate rain showers and thunderstorms remained behind the

cold front, and ahead of the low pressure trough.

Severe weather reported during the three hour period after

2100 GMT 19 April (Fig. 9) occurred between the cold front and trough

of low pressure along the Mississippi River from northern Mississippi

to southern Illinois near a center of maximum MC and along the axis
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of maximum MC. The strong wind rep3rted at 2135 GMT 19 April over

central Tennessee developed along the northern edge of the squall line

in an area of apparent weak divergence if horizontal moisture. The

patLern of MC in this area was changing throughout the day, however,

and it is possible that by the time of occurrence this area could have

been in the leading edge of positive MC which was moving eastward into

Tennessee. At 0000 GMT 20 April a center of maximum MC (Fig. 14) was

located over east-central Illinois with severe weather during the rext

three hour period being reported over southern Illinois and central

Indiana (see Fig. 13). Tornadoes were also reported over the Florida

panhandle and west-central Georgia corresponding to a maximum of MC in

this region.

The 500-mb analysis for 0000 GMT 20 April 1970 indicated the

presence of a strong jet (75-80 kt) split over both of these regions,

and the movement of the center of MC from nerthwestern Arkansas to

central Illinois is approximated by one half the 500-mb wind vector

over this area. It is also noted from Figs. 10 and 14 that the area

of reported severe weather is closely correlated with the intersection

of the jet axis and the axis of maximum MC.

Case 2 -- 1800 GMT 29 April to 0300 GMT 30 April 1970

The synoptic situation for this case (see Figs. 15, 19, 23,

and 27) is typified by a quasi-stationary front over southern New

England extending westward over the Great Lakes region, and a cold

frontal system over the Plains states whic' had been moving slowly
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eastward prior to 1800 GMT 29 April. Severe weather outbreaks were

widely scattered over the region from Texas to the Northern Plains

states, and the Ohio Valley. Soundings taken at 1200 GMT the morning

of the 29th indicated a large area of potentia .ly unstable air south

and east, respectively, of these two frontal system. A surface high

pressure ridge located over the Gulf States provided a low-level south-

erly flow of moist air out of the Gulf over most of the Central United

States.

At 1800 GMT 29 April several centers of MC were moving north-

ward along the frontal system in the Mid-West. All severe weather

which formed along this front occurred in regions of positive MC.

Furthermore, radar summaries for this time period indicated that the

heavier convective activity was coincident with areas of maximum posi-

tive MC.

The 500-mb flow (not shown) was characterized throughout the

period by strong southwesterly winds over the Central United States.

Unlike the previous case the axis of strongest winds (approximately

80 kt) was located 100 to 200 n mi to the west of the areas of maxi-

mum moisture convergence and severe weather outbreaks.

Of interest is the rapid development of convective activity

over Indiana on the afternoon of the 29th of April. The radar summary

at 1800 GMT (Fig. 16) showed this area to be echo-free. Within the

next three hours an area of moderate to heavy thunderstorms had devel-

oped over central Indiana (Fig. 20). One report of hail (1 3/4 inches)
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in this region occurred at 1924 GMT (Fig. 17) •ver Indianapolis. An

outbreak of severe weather occurred between 2100 GMT ar 0300 GMT (see

Figs. 21 and 25). Interpolated values of MC over Indianapolis for

1200 GMT, 1500 GMT, and 1800 GMT were 0.01, -0.14, and 0.39 gm kg 1

hr- , respectively. Hence, shortly before the time of occurrence

there was a definite increase in moisture convergence, and, although

the value of 0.39 gm kg hr is not as high as might be expected, a

closer look reveals that this area was characterized by potentially

unstable conditions (morning soundings indicated a Lifted Index of -5

or less from central Indiana to eastern Kansas) and high moisture at

the surface (mixing ratios in this area at 1800 GMT were in excess of

17 gm kg- ).

From subjective examination of these cases it appears that an

increase in horizontal moisture convergence occurs near the time of

occurrence of a high percentage of severe weather events and that a

relation with other synoptic features, such as location of upper level

jets and areas of latent instability, exists and can be used to success-

fully delineate areas of severe weather development on an hourly or

three-hourly basis. With these thoughts in mind a quantitative study

was undertaken to determine more precisely the role of horizontal mois-

ture convergence in severe storm development.



4. QUANTITATIVF STUDY

Because of the large number of severe weather occurrences

reported during 18 to 20 April 1970 (153 reports of severe weather)

this case was selected for an initial quantitative study. All re-

ports of severe weather utilized in this paper were obtained from the

National Severe Storms Forecast Center severe weather tape (WWVER).

Reports of severe weather occurrences received at NSSFC are verified

by regional meteorological personnel of the states involved before

the information is entered on the WWVER tape. The information coded

for each report includes type, state, day, month, year, time (CST),

latitude, longitude, and remarks (i.e., hail size and wind speed, if

applicable). The different types of weather and corresponding codes

used at NSSFC are given in Table 6. It was convenient for this study,

however, to categorize only the four types of weather shown in Table

7. The two different wind reports coded by NSSFC were integrated

into one wind category for purposes of this study.

A method was sought to best exemplify the spatial and time

distribution of the horizontal moisture convergence (MC) in relation

to the reported severe weather occurrences. For this study surface

data and, hence, patterns of MC were available only at three-hourly

intervals. In general the times of the severe weather occurrences do

not coincide with the surface data times. It is cot -enient, there-

fore, to define three-hourly time categories which will enable values

20
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of MC to be calculated at regular intervals away from the time of

occurrence. Seven time categories were chosen for this purpose and

are shown in Table 8.

Values of MC at the points of occurrences were interpolated

from the four surrounding analyzed grid point values for each of the

seven different time categories. Plots of the average values of MC

and the average normalized values of MC for each time category are

shown in Figs. 31a and 31b, respectively. A graph of the individual

values of MC versus the number of cases for category five is given in

Fig. 32. As indicated in Fig. 31a, the maximum MC occurs in category

five (0 to 3 hrs prior to time of occurrence), and increases signifi-

cantly from category three (6 to 9 hrs prior to time of occurrence)

for all types of severe weather occurrence. This is indicative, then,

that a mechanism is available to lift moisture from the lower levels

of the atmosphere somewhere in the time interval zero to six hours

preceding the occurrence of severe weather.

The spatial distribution of MC was obtained by describing a

7x7 grid network centered on each point of severe weather occurrence

for each time category. The grid interval is approximately 68.5 n mi

and is identical to that used in the objective analysis routine.

Therefore, values at each grid location surrounding the point of occur-

rence can easily be interpolated from the analyzed grid point values

of MC.

The values of MC at each grid point were normalized by dividing

all grid point values for each occurrence by the maximum value of MC
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TABLE 6. NSSFC WWVER SEVERE WEATHER CODE

Report Code

Tornado 4

Hail 5

Wind (65 kt or more - damaging winds) 6

Wind (50 to 64 kt - wind damage) 7

Extreme Turbulence 8

Funnel aloft (Pireps) 9

Funnel Cloud 10

Waterspout 11

Radar Report 57

TABLE 7. CATEGORIES OF SEVERE WEATHER

Category Type of Weather

I Tornado

2 Hail

3 Wind (equal to or
greater than

50 kt)

4 Funnel Cloud
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that occurred at the grid points surrounding the occurrence in any of

the seven time categories. The normalized values were then averaged

by summing over all occurrences and dividing by the number of values

for each grid point. For the sake of brevity only categories three,

four, five, and six will be illustrated here. In general categories

one and two indicated weak horizontal moisture convergence at all grid

points up to 15 hrs prior to the time of occurrence with higher values

to the west of the point of occurrence and lower values to the east.

TABLE 8. CATEGORIES OF TIME INTERVALS

Category Time Interval of Data

1 12 to 15 hrs prior to occurrence

2 9 to 12 hrs prior to occurrence

3 6 to 9 hrs prior to occurrence

4 3 to 6 hrs prior to occurrence

5 0 to 3 hrs prior to occurrence

6 0 to 3 hrs after occurrence

7 3 to 6 hrs after occurrence

Fig. 33 shows the normalized pattern six to nine hours prior

to 126 severe weather occurrences. The point of occurrence is the

center grid point and is indicated by a solid triangle. High values

were located to the southwest of the center grid point and a relative
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minimum was situated about two gridlengths southeast of the point of

occurrence. By the time of the next category (see Fig. 34) values had

increased significantly to the southwest of the center grid point with

a north-south oriented axis of maximum MC situated approximately I1

gridlengths to the west of the center grid point. The highest normal-

ized values for the grid network, approximately 0.6, were observed in

this category and were due to frontal influences or strong wind conver-

gence zones ahead of a front, such as those associated with a dry

line or squall line.

The axis of maximum MC moved towards the east during the next

three hours and was located within one grid interval of the center

point 0 to 3 hrs prior to 95 reported severe weather occurrences (see

Fig. 35). A center of maximum MC was situated within two grid inter-

vals to the southwest of the point of occurrence. Maximum normalized

values had decreased slightly from the previous category, but, were

still above 0.45. A strong gradient was noted to the west of the axis

of maximum MC. This was a reflection of sinking motions associated

with low-level divergence and rapid drying that normally occurs behind

a cold frontal system such as the one in this case. The maximum value

at the center grid point occurred during this time category and corres-

ponds to the maximum indicated for category five as shown in Fig. 31b.

The next category (see Fig. 36) reflects that the axis of

maximum MC had moved approximately one grid interval to the east of

the point of occurrence. The normalized value at the center point had

now fallen below 0.4. The eastward movement of the axis of MC continued

1~~ ____________________
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during the last category (not shown) with a continued decrease in the

normalized value at the center grid point.

Results similar to those above were obtained from the analyzed

fields of MC for two other cases for which a sufficient number of re-

ports of severe weather were available. In each case, although maxi-

mum values and direction of movement varied, a maximum value of MC

occurred at the severe storm location zero to three hours prior to the

time of severe weather occurrence.



5. CONCLUSIONS

Estimates of the magnitude of the advection term and the diver-

gence term from a limited case study indicate that the latter dominates

the pattern of horizontal moisture convergence (MC). However, the com-

bination of these two terms generally produces a better delineation

of the areas of moderate to strong convective activity and severe

storm development.

The patterns of MC can be used with other meteorological para-

meters to further delineate areas of possible severe storm development.

A favored area of severe weather occurrence was found to be the inter-

section of the 500-mb jet with the axis of maximum MC.

The most important conclusion that may be stated from the re-

sults of the limited quantitative case study is that severe weather

tends to develop at or closely after the time of greatest horizontal

moisture convergence. Furthermore, the magnitude of the locally maxi-

mum horizontal moisture convergence increases rapidly during the several

hours prior to the severe storm outbreak. Of further interest, it

was noted that the average magnitude of MC near the time of occurrence

for all types of severe weather studied was approximately 1 gm kg hr

It should be emphasized that this is only an average value and that a

substantial amount of scatter occurred around this value. These re-

sults are very encouraging especially in view of the fact that such a

large time interval was utilized. A closer examination of the time

relationship between horizontal moisture convergence and occurrences
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of severe weather is desirable. In particular it is felt that patterns

of MC obtained from hourly (vice three-hourly) surface data may yield

a more exact correlation with the areas of severe weather development.
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APPENDIX A: OROGRAPHIC EFFECTS

The equation for the horizontal moisture convergence in 3

is developed by assuming that the effect of orography can be neglected.

In this section a comparison is made between the orographic term and

the horizontal velocity divergence term in order t justify the above

assumption.

The following symbols will be used to designate the varia-

bles:

x,y: horizontal cartesian coordinates on the
polar stereographic projection

z : geometric height above the projection

u : x-component of velocity

v : y-component of velocity

h : topographic height above mean sea level

An ordinate s is defined which will incorporate the orographic

effect into the divergence term (see Fig. A-1).

s = z - h(x,y) (A-I)

In the x,y,s,t system the horizontal velocity divergence is given

by

=[ + = ý - + Va (A-2)
3 z ayF ys a S asay-
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z

s 2

s1

s=O

Mean Sea Level (z=O)

Fig. A-I. Orographic coordinate surfaces.
(s=O represents the surface of the
earth.)

The terms on the right hand side of (A-2) are the horizontal velocity

divergence on an s-surface and the orographic term, respectively. The

magnitude of the first term can be estimated from the results found in

Chapter III. From Table 4 the mean absolute value of the product of

the mixing ratio and horizontal velocity divergence was found to be

.3477 gm kg"I hr ". If we assume a mixing ratio of the order of 10-2

(10 gm kg" ) then it is readily seen that the corresponding velocity

divergence is of the order of 10-5 sec"I.

The magnitude of the second term in (A-2) can be estimated by

assuming values of 10 m sec per 5 km for the vertical wind shear, and

I km per 1000 km for the slope of the terrain. This yields an order

of magnitude of 10-6 sec"I for the orographic term. Therefore, when

the slope of the terrain is of the order of 10-3 or smaller the effect

of orography will be negligible in comparison to the horizontal velo-

city divergence.



TABLE 9

LIST OF SYMBOLS FOR RADAR SUMMARY CHARTS

less than 0.1 coverage

O 0.1 to 0.5 coverage
amount of radar echo

0.6 to 0.9 coverage

e over 0.9 coverage

R rain

RW rain showers

S snow Type of surface weather
associated with echo

SW snow showers

T thunderstorm

-- very light

- light

no sign moderate
intensity of precipitation

+ heavy

++ very haavy

U unknown

-+ decreasing rapidly

-- decreasing slowly

- decreasing intensity tendency

NC no change I
32
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+ increasing

increasing slowly intensity tendency

increasing rapidly

hhh height of echo tops 1
height in hundreds of

,hhhj maximum heigbt of echo topsf feet MSL

LN preceding the weather type indicates a line of echoes; other-
wise the symbols refer to an area of echoes.

The intensity tendency symbol follows intensity of the echo
symbol and is preceded by a slash.

Example: LN TRW + / -- means that a line of thunderstorms and
heavy rain showers are occurring and are decreasing slowly in
intensity.
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-A.l

Fig. 4. >Ioisture advection for 0000 GMIT 19 April 1970 (x 10 gmi kg-

hr-1). Positive values indicate moist air advection.

0

-6 0

0 ~t0

00

Fig;. 5. Product of mixing ratio and velocity divergence for 0000 GVMT
19 April1 1970 (x 10 gm kg-1 hr-1). Positive values indicate
convergence.
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Fig. 7. Surface chart for 2100 G-MT 19 April 1970.

RW-W

269

"G70

Fig. 8. Radar sumnmary for 2045 ONIT 19 April 1970.
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V7 FUNNEL CLOUD

U DAMGNG WINDo
WIDDAMAGE

Fig. 9. Severe weather occurrences between 2100 GMT April and
0000 GMT 20 April 1970.
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*00

~-.500-MB JET AXIS

Fig. 10. Horizontal moisture convergence (x 10 g kg-1 hr-1) for
2100 GMT 19 April 1970.
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00 /

Fig. 11. Surface chart for 0000 GMT 20 April 1970.
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Fig. 12. Radar summnary for 2345 GMT 19 April 1970.
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V FUNNEL CLOUD

& MAIL

WIND DAAGE

Fig. 13. Severe weather occurrences between 0000 GMT and 0500 GMT
20 April 1970.
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Fig. 14. Horizontal moisture convergence (x 10 gn kg 1 hr-1 ) for
0000 GMT 20 April 1970.
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Fig. 16. Srfadar chart for 1745 GMT 29 April 1970.
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Fig. 37. Severe weat~her occurrences between 1.800 and 2100 G",2

29 April 1970.
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Fig. 18. Horizontal moisture convergence for (x 10 gm kg h

180GNT 29 April 1970.
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Fig. 20. Radar summary for 2045 GMT 29 April 1970.
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000 GMT 30 April 1".
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Fig. 21. Severe weather occurrences between 2100 GMT 29 April and
0000 GMT 30 April 1970.

,, .• .•) ... 'S...• ,,

o., ' -, ,..? • .. •,...

Fi"g. 22..... -I -1.

Fig.22.Horizontal moisture convergence for (x 10 gm kg" hr=I)
2100 GMT 29 April 1970.
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Fig. 23. Surface chart for 0000 GMT 30 April 1970.
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Fig. 24. Radar summary for 2345 GMT 29 April 1970.
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Fig. 25. Severe weather occurrences between 0000 GMT and 0300 GMT
30 April 1970.
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Fig. 26. Horizontal moisture convergence for 0000 GMT 30 April 1970
(x 10 gm kg"I hr-l).
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Fig. 27. Surface clhart for 0300 GMT 30 April 1970.121

0-4

.......... Su fc c \r fo 0/ 300;' GM 30 Ap i 1970".,

i.- - • .,'--; N-..,-- N ,* [ \ *TRWU

S..... --•es•. - . 0' r".. .w .

N ~ ~ TRW?

~ LNQTRW~C TRW/N

L 0R L4: TRW/N 70 , TRW/?-

~~~J C, -'J *
, .N -2 ..

TRW TR/0

* <•.. ,..-
T N RW/NCYR/W

F 2m

Fig. 28. Radar summary for 0245 GMT 30 April 1970.
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Fig. 31a. Average values of horizontal moisture
convergence for 7 time categories for
153 severe weather occurrences during
the period 0000 GMT 18 April 1970 to
0000 GMT 20 April 1970.
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Fig. 31b. Average normalized values of horizontal moisture con-
vergence for 7 time categories for 153 severe weather
occurrences during the period 0000 GMT 18 April 1970
to 0000 GMT 20 April 1970.
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Fig. 32. Range of values of MC for category five.
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Fig. 33. Normalized pattern of horizontal moisture convergence for 126
severe weather occurrences 6 to 9 hrs before time of occur-

rence.
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Fig. 34. Normalized pattern of horizontal moisture convergence for 106

severe weather occurrences 3 to 6 hrs before time of occur-
rence.
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Fig. 35. Normalized pattern of horizontal moisture convergence for
95 severe weather occurrences 0 to 3 hrs before time of
occurrence.
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Fig. 36. Normalized pattern of horizontal moisture convergence for
81 severe weather occurrences 0 to 3 hrs after time of
occurrence.


