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ATMOSPHERIC WATER VAPOR TRANSPORT
AND THE WATER BALANCE OF NORTH AMERICA:

PART I. CHARACTERISTICS OF THE WATER VAPOR FLUX FIELD

EUGENE M. RASMUSSON

Geophysical Fluid Dynamics Laboratory, ESSA, Washington, D.C.

ABSTRACT

The atmospheric water vapor fluxover North America and the Central American Sea (Gulf of Mexico and Caribbean
Sea) has been investigated for the period May 1, 1961-April 30, 1963, as part of a more general study of the water
balance of these areas. Mean monthly values of the total vapor flux components are analyzed and the more important
aspects of the regional vapor flux climatology are discussed and illustrated by maps and cross-sections. Additional :
insight into the seasonal march is obtained from the computation of the total monthly vapor flux across selected
regional boundaries. Major features of the North American total vapor flux field previously described by Benton and
Estoque are confirmed, but the more extensive data used in this study bring out additional significant detail, partie-

ularly over the southern United States.

Important diurnal variations are found in the flux field, particularly during the summer south of 50° N. These result
primarily from diurnal variations in the average monthly wind. The characteristic features of the particularly well-
organized diurnal circulation system over eastern North America and the Central American Sea are illustrated and

discussed.
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1. INTRODUCTION

Extensive atmospheric water vapor flux data which
have recently become available as part of a large-scale
meteorological data-processing program are, it seems,
adequate for a rather detailed study of the water vapor
flux and flux divergence over North America.! Initial

1 This data-processing project was supported by the National Science Foundation
under grant Nos. GP-3657 and GP-820, and directed by Prof. V. P, Starr at the Massa-
chusetts Institute of Technology. The research described in this paper was performed
while the author was on assignment at M.I.T.

studies involving these data have pursued the following
goals: .

a. A detailed description of the atmospheric water
vapor flux and flux divergence over the North American
sector. :

b. Application of these flux data, together with other
hydrologic data, to regional atmospheric and terrestrial
water balance studies.

c. A thorough investigation of the advantages and
limitations involved in the use of water vapor flux data
in large-scale water balance investigations.

This paper represents the first of a two-part summary
of the more important results derived from a study of the
water balance of the North American Continent and the
neighboring Central American Sea (Caribbean Sea and
Gulf of Mexico), covering the period May 1, 1961 through
April 30, 1963 (Rasmusson [24]). The large-scale char-
acteristics of the vapor flux field will be discussed, with
emphasis on the total mesn vertically integrated flux.
Important diurnal variations in the flux fields have
previously been noted in preliminary analyses (Ras-
musson [23]), and the significant characteristics of these
oscillations will be described. ‘

The subsequent paper (Part II) will deal with the results
of the flux divergence computations, and with the im-
portant topics listed under (b) and (¢) above.
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A considerable number of investigations of atmospheric
water vapor flux and flux divergence as they relate to the
hydrologic cycle of the earth-atmosphere system, on
scales ranging from less than 10° km.? to hemispheric,
have been made during the past 15 years.

Early studies by Holtzman [15] and Benton, Black-
burn, and Snead [1] pointed out the importance of ad-
vected moisture in the local water balance. These were
followed by a regional study over North America (Benton
and Estoque [2]; Benton, Estoque, and Dominitz [3]).
Many important aspects of the current study are patterned
after this pioneering work.

Studies over England (Hutchings [16]), Australia
(Hutchings [17]), and the Baltic Sea (Palmén [21])
have also been made, with somewhat different, but gen-
erally encouraging results. Extensive investigations of
the atmospheric branch of the hydrologic cycle have been
performed by members of the MIT Planetary Circula-
tion Project, including studies by White [29], Starr and
White [25), Starr and Peixoto [26], Starr, Peixoto, and
Crisi [27], Peixoto and Crisi (22]. Hastenrath [11] re-
cently investigated the water balance during 1960 over
the Caribbean Sea and Gulf of Mexico.

2. DATA AND PROCEDURES

00 emT and 12 aMmT data were available for the period May
1, 1961 through April 30, 1963. 00 amT data were also avail-
able for the period May 1958 through April 1961, but these
were used only for special purposes. The basic meteoro-
logical data were obtained from the MIT General Circula-
tion Library and consisted of mean monthly values of the
following quantities

- - w - U — w
=50, 7T, ¢ =D~

where () indicates a monthly mean, = a summation of all
observations, and N the number of observations during
the month at a particular Greenwich Mean Time. ¢ is the
specific humidity, « the zonal, and » the meridional wind
component, and ( )’ indicates a departure from the
monthly mean. Throughout this paper, the term “total
mean flux” will refer to ¢V, that is, the sum of the “mean
flux”’, ¢V and eddy flux, ¢'V"

Data were available at the surface, 1000 mb., and at
50-mb. intervals up to 250 mb. for stations over North
America and the surrounding area. Statistical estimates of
¢, which are available when the humidity was so low that
“motorboating” occurred, were treated as actual reports.

The total water vapor content, and total horizontal
mean flux of water vapor can be obtained by vertical
integration, i.e.:
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where W is the mean water vapor content of a column, Q»
the zonal component, and @, the meridional component of
the vertically integrated total mean vapor flux. No attempt
was made to analyze the contribution of the eddy flux and
mean flux terms separately. The column extends from the
surface of the earth p, to a pressure surface p, above which
the water vapor content is negligible. Using these integrals,
we may define a 2-dimensional vector field in spherical
polar coordinates
Q=Qi\+ iy (4)

where @ is the vertically integrated total horizontal mean
flux of water vapor above a point on the earth’s sur-
face,and i, and i, are unit vectors directed positively
to the east and north, respectively. W, Qx, and Q, were
computed separately for 00 amt and 12 ¢MT by applying
the trapezoidal rule beginning with the first even 50-mb.
level above the surface and adding to this the additional
contribution from the surface layer. The mean monthly
surface pressure was used for p,, the pressure at the ground.
Thus it was possible to have levels with pressures higher
than that of the surface in those cases where the mean
monthly surface pressure was only slightly below a
standard reporting level; these were excluded from con-
sideration. Monthly means at levels having less than 10
reports were not used. Instead the data were considered
missing and the value was obtained by linear interpolation
between the two nearest reporting levels. Stations were
considered missing if data did not extend to 700 mb. on at
least 10 days of the month. Missing values at or above 500
mb. were assumed to be zero if there were no data at
higher levels. The total number of reports was tabulated
for each station for each month in the course of the compu-
tations. Examination of these figures indicated that
missing reports below 350 mb. generally ranged between
10 and 20 percent of the total possible reports.

Separate monthly maps were plotted and hand-analyzed
for @, and @, for each of the 24 months, at both 00 gmT
and 12 gmr. In addition, various auxiliary maps were
plotted and analyzed in order to obtain additional infor-
mation on precipitable water, diurnal flux variations, and
mean seasonal patterns.

3. CHARACTERISTIC FEATURES OF THE FLUX FIELD
LARGE-SCALE FEATURES

The large-scale characteristics of the Northern Hemi-
sphere vapor flux field during 1958 have been illustrated
by Peixoto and Crisi [22]. Figures 1 and 2 are taken from
their study. Their statistics show the primary source of
atmospheric water vapor to be the latitude belt 15° N.—
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Fieure 1.—Vertically integrated mean total
zonal water vapor flux, Q) 1958. Units:
102 gm. (cm. see.)~!. (From Peixoto and Crisi
[22]).

Freure 2.—Vertically integrated mean total
meridional water vapor flux, Qg, 1958. (Units:
102 gm. (em. see.)~!. (From Peixoto and Crisi
[22]).
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35° N. The mean annual southward transport from these
latitudes reaches a maximum around 10° N. and the
northward transport into mid-latitudes reaches a maxi-
mum around 40° N. Transient eddies transport water
vapor northward at all latitudes, and are the dominant
meridional transport mechanism north of 20° N. South of
20° N., the low-level mean transport dominates.

It becomes apparent, upon examination of figures 1
and 2, that significant large-scale asymmetries exist in the
hemispheric pattern of the flux components; these bear
an unmistakable relationship to the distribution of the
continents and oceans of the hemisphere.

The most intense meridional transport occurs over the
oceans. The maximum southward transport at lower lati-
tudes is found in the vicinity of the eastern ends of the
semipermanent Atlantic High and wintertime North Afri-
can High, and more uniformly over the Pacific. Almost
all of the mean annual northward outflow from low lati-
tudes across 25° N. occurs in three definite areas: the
southwest Pacific (south and east of Japan), the western
Atlantic and Gulf of Mexico, and the Indian subcontinent
and southeastern Asia. In the last area this northward
outflow is associated with the Asian monsoon and is pri-
marily a summertime phenomenon. The regions of north-
ward flux in the western Pacific and western Atlantic-
Gulf of Mexico mark the southwestern extremities of the
major oceanic cyclone belts. Since the mean annual
northward transport associated with the Asian monsoon
becomes insignificant north of 35° N., it follows that the
primary moisture transport to latitudes above 35° N. is

.accomplished in the oceanic cyclone belts of the Atlantic

and Pacific. These are found at progressively higher lati-
tudes as one moves eastward across the oceans.

The major features of the flux fields over North America
during the period of our investigation are illustrated in
figures 3 through 8. Two main currents are observed to
enter the continent. One is associated with the northeast-
ern extremity of the Pacific ¢yclone belt, and crosses the
Pacific Coast, generally between 40° and 55° N. It then
weakens rapidly and finally merges with the second, more
intense, current east of the Continental Divide. The sec-
ond major inflow area, associated with the southwestern
extremity of the Atlantic cyclone belt, crosses the Gulf
Coast, and is particularly intense during the summer
months. This is essentially the pattern found in 1950 by
Benton and Estoque [2].

MEAN MONTHLY FLUX—CENTRAL AMERICAN SEA

Seasonal variations in the vapor flux will now be con-
sidered in greater detail. For this purpose, it is convenient
to consider separately the larger regions which were de-
signed for later use in conjunction with flux divergence
computations. These regions, shown in figure 9, are (a) the
Caribbean Sea, (b) the Gulf of Mexico, (¢) the two sreas
comprising the United States and southern Canada, and
(d) northern North America. The boundary of each of
these areas is broken into sections, whose end points are
denoted by circles. The annual flux across each section of
boundary, and the annual flux divergence from each area
are shown in figure 9.

Vol. 95, No. 7
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Ficure .3.—Mean annual vertically integrated total zonal water
vapor flux. May 1961-April 1963. Units: 10? gm. (cm. sec.)~ 1.
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FIGURE 4.—Mean annual total meridional water vapor flux, May
1961—April 1963.
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F1gure 5.—Mean monthly vertically integrated total zonal water
vapor flux, July 1962. Units: 102 gm. (cm. seec.)™L
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Figure 7.—Mean monthly vertically integrated total zonal water
vapor flux, January 1962. Units: 102 gm. (em. sec.)~L
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FiGureE 6.—Mean monthly vertically integraytcd total mecridional
water vapor flux, July 1962,

Ficure 8.—Mean monthly vertically integrated total meridional
water vapor flux, January 1962.
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The ocean areas comprising the Gulf of Mexico and
Caribbean Sea, referred to by Wiist [30] as the Central
American Sea, play a key role in the water balance and
overall climate of much of southern and eastern North
America. This region together with the western Atlantic
comprises one of the three Northern Hemisphere regions
of major northward moisture flux across 20° N. and 30° N.
The entire area lies between 10° N. and 30° N. and thus
straddles the latitudes from which huge amounts of latent
heat energy are exported. The western portions of the
Central American Sea act as a distribution zone for the
moisture entering from the Atlantic and added by excess
evaporation within the region. Part of this moisture flows
northward into eastern North America, but the flux
analyses, which are based on the stations shown in figure 9,
indicate that most of the outflow takes place in a westerly
to southwesterly direction across the western boundary of
the Caribbean (See figs. 4, 6, 8, and 9). Lesser amounts
of moisture cross the mountains of Mexico and the South
American coasts in a direction which varies with the
season (see figs. 10 and 11). Certain features of the flux
within this region have previously been discussed by
Hastenrath [11] and Rasmusson [24].

The mean monthly moisture flux across the lines defining
the eastern and western boundaries of the Central Ameri-
can Sea is shown in figure 10, and the flux across the
northern and southern boundaries is shown in figure 11.
As noted in figure 9, the eastern boundary is considered
to extend from near Trinidad to western Cuba. The general
characteristics of the vertical distribution of the influx
from the Atlantic can be obtained from the cross sections
along 80° W. (figs. 12 and 13). As pointed out by Hasten-
rath [11], the bulk of the transport into the Caribbean Sea
takes place below 800 mb. with a maximum around 950
mb. during both summer and winter. At 80° W, the bound-
ary between easterly and westerly flow at the surface is
found just south of 30° N. in both January and July.
However, this boundary shifts southward during the win-
ter in the Gulf of Mexico, with the displacement increasing
as one progresses westward. This accounts for the seasonal
change in sign of the average flux across the meridional
boundaries of the Gulf of Mexico. Even in winter, however,
the vertically integrated flux in the southern portion of
the basin is directed westward.

The strong inflow through the eastern Caribbean bound-
ary, observed during every month, exhibits a double
maximum, the more intense one occurring in July and a
much weaker maximum oceurring in December or January.
The July maximum coincides with the occurrence of high
values of g and a northward flux component. The winter
maximum coincides with near minimum values of § and
a southward flux component. Figures 12 and 13 indicate
no essential difference in the vertical flux distribution at
the time of the two maxima; thus the winter maximum is
primarily the result of an increase in the mean winds. The
outflow across the western boundary shows essentially the
same pattern and magnitude as the eastern inflow.

Eugene M. Rasmusson
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F16URE 10.—Mean monthly vertically integrated total water vapor
flux across various eastern and western sections of the boundary
around the Gulf of Mexico and Caribbean Sea, May 1961-April
1963. Units: 10° kg. sec,™!
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FigUre 11.—Samec as figure 10 for various southern and northern
sections of the boundary.
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The flux across the southern boundary of the Caribbean
exhibits a seasonal shift in direction, northward from May
through October, and southward during the remainder
of the year. The peak northward flux, which closely coin-
cides with the two computed Caribbean precipitation
maxima (to be discussed in Part IT), occurs in June and
September.

A strong seasonal change is also noted in the magnitude
of the northward flux across the southern boundary of the
Gulf of Mexico. Therée is some indication of the twin
maxima found on the South American coast, although the
June maximum is dominant. Two years of data are prob-
ably not sufficient to establish the reality of the weaker
maximum. Similarly, preliminary examination of data for
October 1958, 1959, and 1960 does not substantiate the
sharp minimum observed in October 1961 and 1962.

The transport across the northern boundary of the
Gulf of Mexico shows the least seasonal variation, al-

though & maximum northward flux appears in spring, and’

& minimum in late summer or fall. The values for Septem-
ber may be affected by the occurrence of hurricane Carla,
which struck the Texas coast in September 1961. A sharp
and possibly anomalous minimum of northward flux is
again observed in October. One should not equate the
flux across this boundary, which extends only to 97.5° W.,
with the flux from the Gulf of Mexico into the United
States, as during summer a large part of the moisture
crossing the western boundary of the Gulf of Mexico
ultimately enters the United States between 97.5° W. and

the Rocky Mountains. This is quite apparent from

figure 14.

MEAN MONTHLY FLUX—NORTH AMERICA

Northern North America.—The mean monthly moisture
flux across the boundaries of this region is illustrated in
figure 16; mean annual values are shown in figure 9. The
southern inflow consists of the inflow through the three
continental sections of the southern boundary.

Also shown in figure 16 is the computed value of P—FE
(the difference between total precipitation and total evapo-
transpiration over the area) which is obtained from a
computation of the vapor flux divergence. The reliability
of such estimates will be discussed in detail in Part IT of
this summary. This will include comparisons. of values
obtained from the water balance equation with estimates,
such as those of Budyko [6], which are based primarily
on heat budget considerations. P—E is included on the
figure in order to facilitate the discussion of the relative
importance of the various boundary fluxes to the average
water balance of the total area, and is believed to be quite
adequate for this purpose.

The mean annual flux across the northern boundary
was directed into the Arctic Ocean, and was quite small.
It is, of course, of local importance, but was of significance
to the mean water balance of the total area only during
July and possibly in August. The mean flux across the

Eugene M. Rasmusson
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Ficure 14.—Mean total meridional water vapor flux: 30° N.;
80° W.-105° W. and 32.5° N.; 105° W.-117.5° W. July 1961-62.
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FI1GURE 15.—Same as figure 14, but for January 1962-63.

west coast of Alaska was also of minor importance to the
annual mean water balance of the total area, amounting
to only 10 percent of P—E. However, it was of some
importance on a mean monthly basis during the summer
months. The sum of the inflow through these two bound-
aries was of even less importance to the water balance of
the total area. Thus, the mean water balance for northern
North America is essentially determined by the flux across
the Pacific, southern, and Atlantic boundaries.
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Some idea of the vertical distribution of the Pacific in-
flow can be obtained from figures 17 and 18. The pattern
is rather flat in both winter and summer, usually with a
diffuse maximum between 700 and 850 mb. The relation
of this maximum to the Pacific cyclone belt has been dis-
cussed previously.

The mean monthly Pacific inflow reaches a maximum
in August, one month after the local maximum on the
western Alaskan coast. The local flux maximum appar-
ently continued to migrate southward during the winter,
reaching the California coast in February 1962 and April
1963, the two months of heaviest precipitation in that
area. Thus the movement of the local flux maximum ap-
pears to coincide with the seasonal southward shift of the
local precipitation maximum, and, like the local precipi-
tation maximum, does not appear to return northward in
spring.

The vertical structure of the Atlantic outflow can be
implied from figures 12 and 13. This region lies north of
the main belt of eastward transport during the entire year.
A westward transport into the continent is found north
of 60° N. during the winter, possibly the result of west-
ward flow on the northern side of the intense oceanic low
pressure areas. The maximum eastward flux is again
found in August.

The inflow across the southern boundary (figs. 19 and
20) follows a seasonal pattern similar to that of the Atlan-
tic outflow. A northward low-level eddy flux, which is
strongest during summer, accounts for a significant portion
of the mean annual inflow through this boundary (Peixoto
and Crisi [22]).

United States-Southern Canada.—The characteristics of
the flux over this area, and across its boundaries, are
illustrated in figures 21 and 22 and on the various cross
sections. The more important features of the flux field will
be briefly noted.

Most of the inflow from the Pacific Ocean crosses the
west coast north of 40° N. in winter and 50° N. in summer,
and enters the area from the west and northwest. As first
noted by Benton and Estoque [2], this appears as a diffuse
high-level inflow on mean monthly charts, particularly in
the region east of the Continental Divide. The tendency
for a relatively large part of the inflow to take place above
850 mb. is apparently the result of the high terrain of the
Pacific coastal regions, since the eastern Atlantic counter-
part of this current shows a strong low-level influx well
into central Europe (Peixoto and Crisi [22]).

Charts from Peixoto and Crisi {22], and additional
cross sections (not shown here), show that the mean total
flux through the northern boundary, between the Appa-
lachian and Rocky Mountains, is usually the difference
between a southward mean flux and a northward eddy
flux.

The inflow through the southern boundary is illustrated
in figures 14 and 15. The differences between the January
and July inflow, as well as the summertime diurnal varia-
tions (fig. 32), are quite pronounced. Additional cross

265-240 O-67—-4
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sections (not shown here) and previous studies have es-
tablished that the January inflow is primarily an eddy
transport, while the July inflow is due primarily to trans-
port by the mean monthly wind. The strong and persist-
ent northward flux in summer around the western end of
the subtropical High results in a concentrated region of
intense inflow over Texas.

Rather interesting secondary maxima are found at the
northern end of the Gulf of California. The July northward
flux maximum, which extends to relatively high levels, is
stronger above 700 mb. than the inflow east of the Rockies.
Mean monthly data from Yuma showed the inflow to be
from the southwest below 800 mb. However, in the region
from 750 to 500 mb. the flow was from the south to south-.
southeast. The flux vector at these levels showed a shift
from the southwest and a sharp increase in magnitude be-
tween June and July. A somewhat smaller decrease in mag-
nitude and a shift back to a southwesterly direction was
observed between August and September. The wintertime
southward component developed first in the low levels in
October, and was established at all levels by November.
The northward component was reestablished at the higher
levels in February, and worked its way to the surface by
May.

The total vertically integrated mean monthly flux across
various portions of the boundary, and across the Continen-
tal Divide, is illustrated in figures 21 and 22. Separate
values for 00 ¢mT and 12 Mt have been shown in order
to illustrate the effects of the diurnal flux variation, which
are discussed in detail in section 4.

The most pronounced flux differences between 00 gmr
and 12 gumr are found in summer along the eastern, west-
ern, and Gulf Coast boundaries. No significant systematic
differences are apparent in the average for the northern
boundary. Estimates of the flow across the Continental
Divide indicate the eastward flux may be slightly stronger
at 00 aMT.

The mean flux divergence over the area (fig. 22,
upper) also shows a marked diurnal variation, produced
primarily by a lack of balance between increased 12 gMT
Gulf Coast inflow (fig. 22, lower left), increased 12 cMT
east coast outflow (fig. 22, lower right), and decreased
12 gMT west coast inflow (fig. 21, lower left). The magni-
tude and the sign of this imbalance changed throughout
the year, resulting in lower values of divergence at 12 aMT
from January through June, much higher values from June
through September, with little difference from October
through December. However, variations during compa-
rable months of the 2-yr. period differed considerably,
sometimes even in sign; thus analysis of a longer period is
required in order to establish a stable pattern.

The total annual flux across the boundaries is summa-
rized in table 1. Also given for comparison is the resulting
computed flux divergence.

Note that year-to-year variations in the predominantly
zonal inflow and outflow were small during this 2-yr.
period, but changes in the flux divergence, and in the
meridional flux from the Gulf of Mexico, were significant.



414

MONTHLY WEATHER REVIEW Vol. 95, No. 7
140]-.
Northern Outflow Southwest Inflow A
2ok T25°W-i275°W 107.5°W - (17.0°W P dao
: 8
100F He2o €
80 - z
° %
60k L L. I | R t J
§° ST F M A M J 4 &8 s o n o |
~
2 eof
@
Q 20}
o_
.20k ¥
20 >~ ° United States — Southern Canoda
. L L L ) 1 1 1 1 1 1 | y —
OF 77 F ™ 2 M 4 v a4 s o o —— OoGmT
-——— 12GMT
West Coost Inflow
200 32.5°N - 55°N
180
g lsor
K Eastward Transport
£ 1a0f Continentol Divide - 31.5°N - 52.5°N 140
L) 13
o 120 120 §
100 Jioo £
kS
80 480 =
L ( | WO TR N 1 P ) )
J F M A J J A s 0 N O
FiGure 21.—Mean monthly vertically integrated water vapor flux across various sections of the boundary of the United
y y y
States and southern Canada, May 1961-April 1963.
United States — Southern Gonada
Net (nflow
00 GMT
F |oo’- -7 - -— 12 GMT
L 80N
- of
- 40+~
- 20f
- ok
F -20%
§ R
~ 1 1 i 1
2 Southeast Inflow J F M A M J 4 A S 0 N D II \
200 825°W-i075°W 7 R\ -1300
-]
o / |
1801 / \ —280
160 Atlontic Gaost Outtlow I’ ‘\ 4260
3I°N — 49°N
140 {240
o
1201 <220 3
s
100 —2do
e
80 180
60 1160
40F N 140
ZOF <120
| IS S} 1 A J I 1 A 1 1 1 1 1 1 1 1 1 1 1 1 1 — 1
J F M A M Y J A S ¢} N D J F M A M J J A S O N D
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Also shown is the net mean monthly inflow into the area.
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TasLE 1.—Total annual mean fux and fluxr divergence for the
United States and southern Canada. Units: 108 kg.[yr.

Time (GMT) 1961-62 1962-63

West Coastinflow____._ .. . .. . 00 471 482
432 48

12 392 415

Southwest inflow.___.______________________ 14} 70 74

67 73

12 64 72

Gulf of Mexico inflow_. .. ... 00 418 320
458 379

12 498 429

Atlanticoutflow___ ... . .. ___.__._. 00 604 616
648 626

12 692 636

Northern outflow___ ... . ... 00 140 149
- 146 138

12 151 128

T Qe 00 215 120
163 136

12 111 152

4. DIURNAL VARIATIONS IN THE FLUX FIELD
PREVIOUS STUDIES

Relatively little information is available on the mean
monthly diurnal variations of wind and humidity in the
troposphere, as most previous studies have been limited
to individual stations or to scattered data from rather
restricted areas. However, the existence of significant
diurnal wind variations, under certain conditions and
over certain regions, is well known. The complex local
land-sea breeze systems have been widely studied. The
existence of mountain-valley wind systems (Defant [8])
may have pronounced effects at some stations in the
mountainous regions of North America. Liow-level noc-
turnal wind maxima have been investigated by Gerhardt
[9], Hoecker [13, 14], Izumi and Barad [18], Tzumi [19],
Kaimal and Izumi [20], and others, and theories on their
. existence and behavior have been proposed by Blackadar
{4] and Wexler [28]. Curtis and Panofsky [7] found im-
portant diurnal variations in the mean large-scale vertical
motion field over the midwestern United States during a
10-day period in July. These appeared to be related to
the nocturnal thunderstorm maximum of the Great
Plains. Bleeker and Andre [5] found significant diurnal
changes in the mean divergence field in the same general
area during August. These two investigations suggest the
possibility of significant diurnal variations in the vapor
flux divergence as well as in the vapor flux itself. Harris
[10] evaluated the first two harmonics of the tropospheric
diurnal wind variations during three summer months at
Washington, D.C., and found first harmonic components
which exceeded 1 m. sec.”!, and second harmonic com-
ponents which exceeded 0.4 m. sec.”* Hering and Borden
{12], in an investigation which clearly indicates the neces-
sity for dealing with this problem, found prominent
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diurnal variations in the mean monthly summer wind
field over the central United States.

Early confirmation of the existence of significant differ-
ences between the mean 00 amr and 12 eMr flux during
the summer (Rasmusson [23]) lead to a more detailed
investigation of this phenomenon. The summer months,
when the oscillations reach their maximum, and par-
ticularly the month of July, were chosen for the most
detailed study. Data consisted of regular 00 aMT and 12
GMT observations and a limited number of 06 emT and
18 aMtT observations from Tinker Air Force Base and
Fort Worth.

Only small diurnal variations of ¢ were found during
July, while large diurnal variations were found in the
mean monthly wind vector. Furthermore, where diurnal
variations were important, the diurnal variation in ¢'V’
was found to be small compared with the total mean
flux variation. Consequently, the most prominent diurnal
variations are in general due to diurnal variations in the
monthly averaged wind, rather than in the specific
humidity.

DIURNAL CIRCULATION SYSTEM OF NORTH AMERICA AND
THE CENTRAL AMERICAN SEA

The characteristics of the diurnal variations of gV and
V at various heights were investigated. Hodographs were
plotted for July 1961 and 1962, for 77 stations located in
southern Canada, the United States, and in the Gulf of
Mexico-Caribbean Sea region. '

The important characteristics of the July oscillations
can be described by dividing the area into several regions,
in each of which the hodographs exhibit broadly similar
characteristics. These regions are illustrated on figure 31.

Typical hodographs from Region A are shown in figure
23. A comparison of the ¢V and V hodographs for Guade-
loupe and St. Maarten clearly show the dominant effect
of the wind in producing the diurnal flux variations.
Furthermore, these variations in the wind are by no means
small when compared with mean monthly values, nor are
they limitéd to the lower levels, but often extend at least
into the upper troposphere. On the other hand, the ¢V
oscillation decreases with height in response to the
decrease in ¢. Thus the vapor flux oscillations above 850
mb. are less important than those in the lower layers, but
are by no means negligible. The veering of ¢V between 00
and 12 omT, and the accompanying increase in southerly
flow, are the typical features of this region.

Region B consists of the area of northeasterly surface
flow in the western Caribbean, which is illustrated by the
San Andres hodographs (fiz. 24). The backing of the flux
vector from 00 agMT to 12 gmT at levels below 700 mb.
constitutes the main difference between this hodograph
and the hodographs of region A. Comparison of the ¢V
and V hodographs again verifies the importance of the
wind variation in producing the vapor flux oscillation.
Note the shift from a backing to a veering wind change
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Ficurs 23.—Hodographs W and V for Key West, Guadeloupe, and St. Maarten, July 1961-62. Origin denoted by solid
circle. Pressure given in hundreds of millibars. “S” denotes surface value.
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Ficure 24 —Hodographs: ¢V and ¥V for Merida, July 1961-62, and San Andres, July 1961. Origin denoted by solid
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above 650 mb. Changes of this type, characterized by an
opposite diurnal turning of the vectors in the lower and
middle troposphere, are also typical of region C.

Region C includes eastern Mexico, the western Gulf of
Mexico, and most of the United States east of the Conti-
nental Divide and south of 42.5° N. Hodographs from
that part of the area in which the oscillation is most
strongly developed, denoted as sub-area C,, are illustrated
by Merida, figure 24, and the Brownsville and San
Antonio hodographs of figure 25. The diurnal changes
which are exhibited by these hodographs are quite
remarkable, and have two distinct characteristics: (1)
a region in the lower troposphere in which ¢V and V turn
anticyclonically between 00 and 12 gmm, surmounted by
a region in which the vectors turn cyclonically during the
same period; (2) the appearance of a mean low-level jet
in the vertical profiles, 50 to 100 mb. above the surface,
at 12 eMT. It should be emphasized that the low-level jet
of this discussion refers to a maximum in the vertical
profiles and not in the horizontal plane. The region of
anticyclonic turning does not always extend to the
surface. The mean low-level jet appears to be most strongly
developed in the region extending from the lower Rio
Grande Valley northward through northeastern Texas
and Arkansas. The details of the oscillation cannot be
determined south of the Rio Grande; however the very
large diurnal variations at Merida suggest that this
regime extends at least as far south as the Yucatan
peninsula. ‘

Observations taken four times daily by the Oklahoma
City (00-12 gmT)-Tinker Air Force Base (06-18 emT)
combination allow one to obtain a somewhat better picture
of the behavior of the oscillation in that particular area.
These stations are only a few miles apart and at practically
the same elevation (surface pressure approximately 970
mb.). Data were available from both stations for June
and July 1961, and hodographs for this period, for the
four observation times, are shown in figure 26. Also
sketched are the oscillations at the 950, 850, and 800-mb.
levels. No reasonable curve could be sketched from the
surface observations, possibly because of local differences
between the two stations. Analysis of several additional
winter months indicated the presence, in addition to the
diurnal oscillations, of an unexplained systematic differ-
ence between the mean monthly winds at the two stations,
which In turn masks the weaker oscillations above 800
mb.

The characteristic features of region C; hodographs are
found over the remaining portions of region C, although
the boundary between the cyclonic and anticyclonic
changes is not always as clear cut as in C;, and the low-
level jet is not so well developed.

Region D includes those stations which exhibit a mix-
ture of the characteristics of regions A and C. A mean 12
GMT low-level jet is found at the northerly stations, but
unlike in region C, this development is accompanied by a
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cyclonic turning of the flux vector. The southerly stations
exhibit the increased 12 @Mt southerly flow typical of
region A, but the hodographs are quite dissimilar in
other respects.

Region E includes the area west of the Continental
Divide, exclusive of the Pacific coast. The hodographs
are strongly influenced by local conditions, which make
it difficult to isolate the significant large-scale features.

Stations on the Pacific Coast (region F) exhibit a great
deal of diurnal variability in the lower levels, since the
00 emT observation coincides closely with the time of
maximum sea breeze development. The strong sea breeze
regimes of San Francisco Bay and the Los Angeles Basin
show up strongly on the Los Angeles and Oakland hodo-
graphs (fig. 25).

Over Canada and the northern United States, even in
July, the amplitude of the oscillations is quite small. Thus,
it is probably necessary to analyze a longer period of data
before drawing firm conclusions concerning this area.

Some idea of the broadscale characteristics of the well
organized diurnal circulation system over the Central
American Sea and the area east of the Rockies and south
of 42° N. can be obtained from figures 27 and 28. Figure
27 shows the mean low-level departure vector field during
July. Where the mean surface pressure is greater than
950 mb., the vector is derived from an average of the 900-
and 950-mb. winds; otherwise the average of the winds"
at the first two standard 50-mb. levels above the surface
is used. Figure 28 shows the mean mid-tropospheric de-
parture vector field derived from an average of the winds
at 500 and 550 mb. The heavy solid line on each chart
indicates the position of a prominent low-level mean
monthly streamline around the subtropical High, ob-
tained by averaging the 00 and 12 emT observations.
These maps have counterparts in figures 6 and 7 of Hering
and Borden [12], which are based on July 1958 data from
only the United States. Where comparisons can be made,
the departure vectors are usually in excellent agreement.

The characteristic features of the hodographs of regiens
A through D can now be summarized in terms of a large-
scale diurnal circulation system. Comparison of figures
27 and 31 shows the veering of the low-level wind between
00 and 12 eMT in tegion C to be the manifestation of an
oscillation that occurs in the regions bordering the western
extension of the subtropical High. If one directs his atten-
tion to that portion of the low-level streamline extending
from the Yucatan peninsula to the Atlantic Coast, it is
seen that the relationship of the low-level departure vec-
tors to the streamline is such as to give relative inflow to the
region of high pressure at 12 amr. On the other hand, a
similar comparison for the mid-troposphere (fig. 28) shows
the departure vectors crossing the mean streamline in the
opposite direction; consequently the departure vectors in
the low- and mid-troposphere are sharply out of phase.
Careful examination of these departure fields strongly
suggests relative low-tropospheric convergence and mid-
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Fiaure 27.—Difference, (12-00 ¢Mt)/2, of the average of the wind
at the first two standard levels (50-mb. intervals) above the
ground, July 1961-62. Units: m. sec.™!

Fioure 29.—Difference, (12-00 ¢m1)/2, of the vertically integrated
mean total zonal water vapor flux, June-August, 1961~62. Units:
102 gm. (cm. sce.)~!.

265-240 O-67—5

o
5

o /

®:
0+/05-09
@ 10-14
L3
@ 20-24
-

2

Middie Tmposph/
| diy 1961, 1962
L £

Ficure 28.—Difference, (12-00 amT)/2, of the average of the wind
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Fioure 30.—Samec as figure 29, but for the vertically integrated
mean total meridional water vapor flux.
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tropospheric divergence at 12 emr (with the reverse pat-
tern at 00 amT) within the region enclosed by the mean
streamline and west of approximately 82° W. The “Hering-
Borden” oscillation of the mid-troposphere and the low-
level oscillation thus appear to be highly divergent com-
pensating departures from the mean flow. Discussion of
the diurnal variations in the divergence field of V and 7V
will be deferred to Part II of this summary; however it
can be stated that limited analysis of the V fields, and
implications from extensive analyses of v.Q (see Ras-
musson [24]) support the above speculations.

The complications which these diurnal variations in-

troduce into any study of the atmospheric vapor flux, or,

for that matter, in many other types of observational
studies, is quite apparent.

DIURNAL CHANGES IN THE VERTICALLY INTEGRATED VAPOR
FLUX

Some idea of the extent and magnitude of the summer-
time oscillations in the mean total vertically integrated
vapor flux can be obtained from figures 29 and 30, which
show the difference between the 12 gt and 00 GMT values
of @, and @, for the period June-August, 1961 and 1962.
The details of the oscillation cannot, of course, be deter-
mined from twice daily observations. However, the data
from Fort Worth and Oklahoma City, and the results of
Hering and Borden {12], indicate that the oscillations are
roughly elliptic, with axes of the same order of magnitude.
Thus the vector defined by the component maps can be
used as a rough estimate of the amplitude of the oscilla-
tion. These vectors are shown in figure 31. The magnitude
of the flux variations may be compared with the 00 gmr
July flux shown in figures 5 and 6.

The pattern obtained from the data is quite coherent,
even over those areas where values are small. Only station
72836 (Moosinee) was ignored in the analysis; this because
of apparently unrepresentative data for 00 emT, August
1961. In addition, data from three other stations were
smoothed on one or more individual monthly analyses.
The (12—00)/2 difference vector computed from the
smoothed analysis is also shown at the appropriate sta-
tions on figure 31. These adjustments produce changes in
detail only.

Analyses of individual menthly maps (not shown here)
indicate the same general pattern each month south of
45° N., but farther north where the magnitude of the
oscillations is small, the pattern is more variable from
month to month, particularly in the meridional component.
As would be expected from the previous discussion, the
diurnal change is particularly pronounced around the
western Gulf of Mexico, where Merida, on the Yucatan
peninsula, consistently shows the greatest changes on the
map. This results in a substantial increase between 00 and
12 Mt in the northward flux from the Gulf of Mexico
(see figs. 32, and 22, lower left).

The summertime diurnal variations of the zonal flux
form an interesting pattern over the United States and
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Ficugrk 32.—Difference, (12-00 aMT)/2, of the mean total meridional
water vapor flux, July 1961-62. 30° N.; 80° W.-105° W. and
32.5° N.; 105° W.~117.5° W. Units: gm. (cm. mb. sec.)~ 1.

southern Canada. Over extreme western Canada and the
western United States, the eastward component decreases
between 00 and 12 emT, thus giving a relative offshore flow
along the west coast at 12 eMT. The eastern boundary of
this regime coincides roughly with the Continental Divide.
The 12 gMT transport is relatively eastward between the
Rocky Mountains and the east coast south of 42.5° N,
and over a rather narrow region extending northwestward
just to the east of the Canadian Rockies. The oscillations
over this region are most pronounced between the Rocky
Mountains and Appalachians, and along the southeastern
coast. The third major region is one of increased westward
flow at 12 eMT, and extends westward from Newfoundland
through the Great Lakes, Hudson Bay, and northwestward
to the vicinity of the Great Slave Lake.

The difference between the 12 ¢mrt and 00 ¢MT mean
flux for the three winter months (December, January,
February) is shown in figures 33 and 34. The patterns are
much weaker than those found during summer, The main
features of the summer zonal oscillations are still identifi-
able, but the meridional component is similar only south
of 30° N.

In summary, the observed diurnal oscillations of the
wind, and, as a consequence, the mean monthly diurnal
oscillations of the water vapor transport over North Amer-
ica and the Central American Sea, appear to be produced
by a combination of local and large-scale effects. At sta-
tions in the western United States, the diurnal changes are
mostly local in nature, although there is some indication
of a weak large-scale circulation (relatively westward at
12 agmt). East of the Continental Divide, and south of
42° N, the local oscillations fit into a beautifully organized
large-scale diurnal circulation pattern. It will be shown in
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Ficure 33.—Difference, (12-00 omr1)/2, of the vertically integrated
mean total zonal water vapor flux, Dccember-February, 1961-62
and 1962-63. Units: 102 gm. (em. sec.)™.

Part IT that these variations in the flux field produce sig-
nificant diurnal variations in the flux divergence as well.

Because of the apparent relationship of these oscillations
to the large-scale flow pattern over eastern North America,
one would expect changes in detail from year to year.
Preliminary analysis of additional data from Fort Worth,
the findings of Hering and Borden [12], and results of flux
divergence computations over eastern North America (to
be discussed in Part II) indicate this to be true.

5. SUMMARY

The fields of mean total water vapor flux over North
America and the Central American Sea during the period
May 1, 1960-April 30, 1963, have been studied both in
terms of mean annual characteristics and seasonal varia-
tions. Important aspects of the regional climatology of the
vapor flux are illustrated by maps and cross sections and
through computations, on a mean monthly basis, of the
total vapor flux across selected boundaries.

This paper is to a large extent a revision and extension
of u portion of the earlier work of Benton and Estoque [2].
Specifically, (1) the region has been enlarged to include

Figure 34.—Same as figure 33, but for the vertically integrated
mean total meridional water vapor flux..

the Central American Sea; (2) the resolution has been
greatly increased through the use of data at 50-mb. inter-
vals (as opposed to data from only mandatory levels)
from a much improved network of stations; (3) actual
winds, rather than geostrophic, are used; (4) the period
of investigation covers two years. Using these data, one
can determine more accurately, and in somewhat more
detail, the important features of the flux field. It is pri-
marily in such details as, for instance, the slopes of the
various flux maxima with height, their intensities, and the
vertical distribution of the flux, particularly across 30° N.,
that the results of this study differ from those of Benton
and Estoque. The major features of the North American
flux field which they described are essentially confirmed.
One of the more significant differences is found along the
southwestern border of the United States, where their
data apparently were not sufficient to define the weak max-
imum of summertime northward flux into the Colorado
Basin.

Of considerable significance to vapor flux studies in
particular, and perhaps to observational studies in general,
is the finding that diurnal variations in the mean monthly
wind field produce significant diurnal variations in the
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transport of water vapor, particularly during summer
south of 50° N. The existence of significant variations in
the mean monthly wind field over the central United
States has previously been noted by Hering and Borden
[12]. The results of this investigation indicate that the
variations over the central United States constitute only
a part of a much larger diurnal wind system which extends
over portions of Mexico and the Central American Sea, as
well as over most of the eastern United States.

Finally, the irregular variation of the total mean
monthly flux through several of the boundaries calls for
the analysis of a longer period of record in order to firmly
establish the important features of the seasonal pattern,
and to obtain an estimate of the variability of this pattern.
Along the same line, significant differences were observed
in certain details of the mean annual flux fields between
the first and second year, particularly over eastern North
America and the Central American Sea. These will be
discussed in Part II, but it should be noted that such
interannual changes also point up the desirability of
analyzing a longer period of record.
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