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SOME MERIDIONAL MOISTURE EXCHANGE FEATURES

OF THE EARLY SEPTEMBER 1970 HEAVY RAIN EPISODE,
SOUTEWESTERN UNITED STATES

H. T. May, WSFO, Albuguerque, New Mexico

INTRODUCTION

The purpocse of thils study is to present data related to the unprecedented
rainfall over the Southwestern United States during early September, 1970.
Events of this periocd illustrate the effects of tropical and subtropical
atmospheric developments on meteorological events over the Southwest.,
Certain aspects of the situation are compared with models suggesied by
other investigators. It is hoped that the analysis will aid in the rec-
ognition of meteorological developments which may result in the transport
of large amounts of moisture from low latitudes to the mid-latitude west-
erlies.

Unprecedented rainfall amounts over the Southwest during the period L-6
September 1970 (Fig.l), appear to have resulted from the meriodional
transport of molsture from the low-latitude marine environment to the
mid-latitude westerlies in a manner similar to the slope convective model
digcussed by Green, et al (1966), In their model, boundary-layer air from
low latitudes ig lsentropically lifted in & region of confluence into the
mid- and upper troposphere where it becomes available for large-scale me-
ridional exchangse, This type of exchange is not limited to summer or fall,
but, as in the cases presented by Hill (1964), can be an important mech-
anism for supplying moisture ahead of cyclonic disturbances in the
westerlies, resulting in widespread cloudiness and precipitation during
winter. A condition especially favorable for this type of meridional
exchangs is the development of a split flow around a mid-latitude block
which results in a el stream far south, near a region of subtropical
convective activity. Although unprecedented precipitation amounts were
recorded at some stations during this period, and a new 2L-hour precipi-
tation record of 11.40 inches was established for Arizona, stream flow
records suggest that episodes of unusually heavy rain occur during the
late summer and early fall with a fregquency of about once in fifteen years.

The probability of a wvigorous tropical storm of eastern Pacific origin
passing over the southwestern United States is small, bui these storms

do occasionally provide a means for the transport of subtropical moisture
inte the middle latitudes. Moisture from the eastern Pacific may also be
transported over the Southwest by the circulation of the North Atlantic
anticyclone, ILikewise, the strong southerly flow ahead of cyclonic
disturbances in the westerlies is an effective means of meridional moisture
exchange., In the September, 1970 case, all of these atmospheric mechanisms
appear to have been operating and the orographic features of the area
further enhanced the resulting precipitatiorn.

The summer precipitation regime over the Southwest is one of freguent
mainly orographic showers associated with moisture advected from the Gulf
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of Mexico. More general and heavier precipitation patterns are usually
the result of easterly waves passing over the area. As summeér progresses
moisture from the easitern Pacific is sometimes brought northward over

the interlor western states.

DATA

The data for this investigation comprise real-time teletype transmissions,
although those for Mazatlan, Mexico (MZT), were obtained from the National
Climatic Center. These were available only for O000CMI' and wers used
without corrections for diurnal variation. At those stations which did
not encode maximum wind data, the fastest wind reported betwsen 500mb

and 100mb was selected as the maximum. Fig. 2 illustrates the cross
sections used in this study. No upper-air data were available for Yums,
(YUM), on September 5 and 6. Satellite data, including film loops from
the ATS I and IITI geosynchronous satellites, were reviewed to furiher
gvaluate the molsture distribution during the study perioed.

EVOLUTION OF THE CIRCULATION PATTERN

A dual-cell circulation began to develop in the North Atlantic anticyclons
on August 28. As the western cell sproad westward over the Caribbean and
Gulf of Mexico, it suppressed most widespread convective development in
the area. (The suppression continued into September and is evidenced in
Fig. 10 as a lack of activity over the Gulfi) The circulation of tropical
storm Norma became evident on August 30 over ihe eastern Pacific near
15N-105W and the storm subseguently moved northwestward. During the first
days of September the westward extension of the Atlantic high became
effective in controlling the circulation over the extreme eastern Pacific
and this acted in conjunction with the peripheral flow around tropical
storm Norma to displace the intertropical convergence zone in the eastern
Pacific northward to a position near the coast of Mexico (Fig. 3). Through
a series of convective and isentropic liftings the resulting stream of
north-bound, moisture-rich air bhecame the source of precipitation over

the southwestern United States., Fig. L illustrates the change in moisturs
distribution over the area during the periocd 2-T7 September., A daily set
of four west-east cross sections was taken from the surface to 250mb
through GYM-CUU-DRT, YUM-TUS-ELP-MAF, LAS-INW-ABQ-AMA, ELY-GJT-DEN-LBF
(see Fig., 2). The figure depicts those areas in the vertical plane where
the dew point depression is 5C or less, or where the air is sbout 60-T0
percont saturated with respesct to water over the observed tempsrature
range., Observed winds at the 700-, 500-, and 300mb levels are plotted

in the conventional manner, The rapid northward advance of molsture is
seen in the successive increases of moist areas, particularly in thse

upper troposphere, in the GYM-DRT section (2nd-3rd), YUM-MAF section
(3rd-Lth), and LAS-AMA section {Lth-5th). (Note also Figs. 5a and 5b.)

COMPARTSON WITH EARLIER MODELS

Hill (196L) proposed a model for meridional exchange over the southwest
Pacific based on a study of winter cases. In his model the mechanism



STORM  PRECIPITATION
:

! 4 INCHES OR MORE

Figure 1, Total storm rainfall for the period 4-6 September, 1970,
(Data for the 3rd included for Arizona.) Data were taken from
Monthly Summarized Station and Divisional Data, Some bucket survey
data were used to augment conventional observations in data-sparse
regions,
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Figure 2, Stations used in the congstruction of vertical sections,

SEP 3, 1970 2323GHMT ATS 1

Figure 3, Geosynchronous satellite view of the eastern Pacific.
Note the northward displacement of the ITC aleong 110W,
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Figure 5,
September, 1970,

temperature, and areas of dew point depression < 5C,
north-south wind component and wet-bulb potential temperature.
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North-south cross sections near 110W during the period 3-6
lLeft panels show east-west wind component, potential
Right panels show
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for the poleward molsture transport is an unusually large horizontal

wind shear associlated with a jet stream in a large-amplitude, mid-
latitude flow., The isentropic entrainment of low-level tropical moisture
results in extensive areas of middle cloud and rain which is not directly
associated with a cold front. In general, the features of Hill'!s model
were present in ths September event over the Southwest,

Although not as extensive as that described by Hill, a steep isentropic
slope existed norih of Tucson during the eplsode. This is reflected in
the 330K isentrope in the left panels of Figs. 5a and 5b, The east-west
wind component, also shown in Fig. 5, reveals the existence of a weak
isotach maximum, far south for the season, over northern Arizona., The
jet stream is also depicted in Fig. 6. The rapid northward advance of
moisture over the Southwest was coincident with an increase in the
southerly wind component--particularly between the 3rd and Lth, as seen
in the right panels of Fig. 5. At the onset of the moisture exchange a
cold front (seen in Fig. 7) was far north of the transport region. Its
subsequent effects on precipitation during the study period will be dis-
cussed below, ‘

Drying was noted in the lower atmosphere over the western United States
and adjacent Pacific followlng the passage of a trough aleft, but it did
not extend into low latitudes as in the cases presented by Hill. The most
significant difference from Hill's model was the lack of a mechanism for
isentropic conveyance of low-level subtropical air directly into the Jjet
stream, Rather, the transport of such air %o the mid-and upper troposphere
of higher latitudes was accomplished in a mamner more similar to the slope
convection model suggested by Green, et al (1966). In their model mass

is conserved from the 1ifting condensation level to the outflow level of
the convective system--it may then be distributed over great distances by
mid-latitude Jet streams.

Widespread convective activity over the southern Gulf of California
vented large amounts of moisture into the mid-and upper iroposphere
during the early part of the September period. This created a source
region for additional moisture, evenitually affecting the rainfall over
the Southwest., Isentropic surfaces were nearly horizontal over the
southern Gulf region (Fig. 5), thus convective activity over Mexico was
in large part the result of orographic lifting. Over Arizona the south-
erly flow encountered a formldable orographic barrier and was 1ifted to
at least 7,000 feet (MSL). This, in conjunction with the steep isentropic
slopes in the mid- and upper troposphere, resulted in extensive convective
activity wilith the resulting outflow spread over a large area by the jet
stream, Pig, 7 illustrates the rapid cloud development which occurred
between September 3rd and Lth over the Southern Rockies., The horizontal
spreading of moisture aloft is also reflected in the 500mb analyses of
wet bulb potential temperature (O,) in Fig. 6. Green, et al, showed that
a 9, of 20C or more above 850mb is characteristic of trade wind air,

Note in Fig. 6 the progressively larger area {shaded) enclosed by the

20C O, isotherm between Septemver 3rd and bth., The west-east cross
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sections in Fig. 8 illustrate the atmospheric adjustments which took place
hundreds of miles- from the convection and precipitation region over the
Southwest. Molsture brought northward from the Gulf of Mexico ahsad of
the upper level trough was isentropically entrained by the jet stream in
a region of modsrate convective development through a lowering of isen-
tropic surfaces over the Great Plains, Note, for example, the 330K isen-
trope over North Platte (LBF) which lowers from near 350mb on the Lth to
near 500mb on the 6th. Also evident in Fig. 8, as the period progresses,
is the increasingly larger area (shaded) over which 6, 20C,

In a study of the energetics of the tropical atmosphere, Sikdar and Suomi
(1971) state in regard %o deep convective activity in cloud clusters,
that, "the water vapor...flowing into these storms...is almost completely
converted to ligquid or frozen water...(of which) only a fraction falls

out as rain (Braham 1952) with as much as 90 percent remaining behind as
cloud. Cirrus shield air carrylng these hydrometors penetrates desply
into the upper troposphere...(and) the magnitude of the average heat
transport is directly proportional to the rate of expansion of cirrus
ghields at the top of cloud clusters...". While these cbservations relate
to c¢loud clusters over the tropics, a similar sequence of events may have
occurred in the September episode. The visual evidence in Fig, 7 of rapid
and extensive increases in cloud amount suggests a large heat transport,
perhaps sufficient to account for the strengthening and reorientation of
the jet stream in the area of moisture advection (Fig. 6), and the marked
warming of the mid-troposphere over the Great Plains (Fig. 8).

PRECIPITATION FEATURES

An examination of hourly radar data for the Arizona-New Mexico area reveals
two precipltation periods in this episode., During the first period, from
the late afterncon of the 3rd unitil the evening of the L4th, the heaviest
precipitation was over the southwestern half of Arizona, Most totals for
this period were less than one inch but twe stations reported totals near
two inches. Tucson received 1,99 inches, with precipitation first reported
during the hour ending at 10 p.m. on the 3rd. Precipitation began at
Grand Junction, Colorado, L20 miles north of Tucson, twelve hours later,
The relatively light rain and extensive cloud cover over the area suggest
that convective activity during this period had the characteristics noted
over the tropics in which much of the moisture was converted into cloud
particles.

The second precipitation period, from late on the Lth through the 6th, was
the result of the interaction of the cyclonic disturbance in the wesierlies
with the residual moisture from the first period and the abundant moisture
transported northward by the strong low-level southerly flow ahead of the
trough. The radar composites in Fig. 9 indicate that although the front
apparently enhanced the precipitation in the area of strong moisture ad-
vection, it did not advect the precipitation pattern eastward, This
suggests that the controlling factors wers at mid- and upper levels,
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Figure 8. West-east cross sections during the period 4-6 September, 1970,
Note the change in elevation of isentropic surfaces over the Great Plaiuns,
development of moist tongue ahead of the trough, and increase in area of
the region over which 4, > 20C (shaded below 250mb),
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Precipitable water values were in excess of one inch early on the 3rd
over southern Arizona and the area was characterized by negative
Showalter stability indices. The precipitable water value over Yuma
reached 1,91 inches at 1200 GMT of the Lth, a very unusual amount for
the area, and the maximum over Tucson was 1.63 inches on the afiernoon
of the Lth. TFollowing the dissipation of tropical storm Norma and the
rapid clearing of the convective area southwest of Mexico, precipitabls
water values over Tucson continued to exceed one inch through the 1ith.

The passage of the upper irough was accompanied by an influx of drier
air over most of the Southwest, The strong westerly flow weakened and
retreated northward and with this, normal convective activity resumed
over the area, It is interesting to note the rapid clearing which
occurred southwest of Mexico between the 5th and 6th (Fig. 10). This
may be the resuli of mesoscale downdrafts of dry mid-tropospheric alr

in areas of convective disturbances. According to Zipser (196%), such a
mechanism can produce downdrafts sufficient to clear an ocean area equiv-
alent to the combined area of the states of Arizona and New Mexico in a
2lhi-hour period.

SUMMARY

In summary, it 1s evident that in early September large amcunts of low-
level moisture were vented into the upper troposphere where isentropic
surfaces were nearly horizontal, near the west coast of Mexice. This
moist ailr of tropical origin was spread northward by the southerly flow
and increased moisture and condensation nuclel over the Southwest, thus
raising the potential for cloud development., When orographically induced
convective activity developed in the moist southerly flow at lower levels
over northern Mexico and southern Arigona, the outflow resulted in wids-
gpread cloudiness over the Southern Rockies., Thus, the heavy rains over
the Southwest during this period resulted from molsture of tropical
origin. The influence of high-level moisture of such origin on precipi-
tation amounts over the arid Southwest merits additional investigation.

A significant number of convective developments which enter the eastern
Pacific from the Caribbsan or Orinoco and Upper Amazon Basins of South
America ultimately affect the circulation and weather of the Southwest,
The paucity of data over the eastern Pacific, however, inhibits our
understanding of the true role of such systems. Geosynchronous satellites
such ag ATS III have demonstrated the potential for solving some problems
associated with data-sparse regicns,., Hopefully, the orbiting of improved
satellites, such as GOES, in the near future, will furnish data o aid in
furthering our understanding of such systems.
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Figure 9, Six-hour radar composites, centered on time indicated, for second
period of rainfall, Note the effect of the front and jet maximum (arrows)

on precipitation pattern,
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Figure 10, Geosynchronous satellite views of the eastern Pacific and Gulf of
Mexico. Note the rapid clearing west of Mexico between 5 and 6 September,
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