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ABSTRACT

The atmospheric water vapor flux and certain aspects of the
water balance over the North American Sector are investigated for
the period May i, 1961 - April 30, 1963.

The vertical variation of the flux, as well as the total vertically
integrated flux, are investigated from mean monthly data. The flux
~ exhibits important diurnal variations, particularly during the summer
south of 500N, These variations are primarily the result of diurnal
variations in the mean wind, rather than in the moisture, and are par-
ticularly well organized over eastern North America, the Gulf of
Mexico, and the Caribbean Sea.

Significant interannual changes in the flux are also observed.
The relationship of these changes to the interannual changes in flux
divergence and precipitation are discussed.

The mean vertical distribution of flux divergence is computed
for the United States, for the months of January and July. Strong flux
convergence in the lowest 100 mb, and divergence in the remainder of
the troposphere, was found in July. Flux convergence was found
throughout the troposphere in the east in January, with a maximum be-
tween 900 and 950 mb, while in the west convergence (with no particu-
larly pronounced maximum) was found above 800 mb, with weak diver-
gence below. Corresponding features of the profiles were found at higher
elevations over the west, where the flux divergence above 500 mb is
quite significant.
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Particular emphasis is placed on computations of the vertically
integrated vapor flux divergence, and its use in estimating E-P, the
mean difference between evaporation and precipitation. Water balance
studies, using twice daily observations from the existing aerological
network, indicate that reliable mean annual, seasonal, and monthly values
of E-P can usually be obtained for areas of 20 x 105 km? or larger. The
results usually deteriorate rapidly as the size of the area is reduced to
less than 10 x 109 km2. This deterioration is primarily the result of a
systematic error pattern, which is tentatively ascribed to the effect of
diurnal flux variations, small scale features in the mean flux field, and
local station peculiarities.

The annual and seasonal values of E-P are computed for the
Caribbean Sea and the Gulf of Mexico and are in excellent agreement
with independent estimates.

Mean values of E-P are computed for North America north of
the United States-Mexican border, and individually for the major water-
sheds of the continent. Latitudinally averaged values show a minimum
between 55°N and 65°N.

More comprehensive balance studies were made over the United
States and southern Canada. Of particular interest is the computation
of mean monthly surface and subsurface storage changes directly from
measured streamflow and vapor flux data. Consistent and reasonable
storage changes are computed for the area as a whole, which indicate
an average seasonal variation of around 8 cm. Little net storage change
was computed during the two year period for the whole area, but sub-
stantial changes were indicated over the western part of the region during
the first year, and over the eastern part during the second year. These
changes appear to be in qualitative agreement with independent indicators.

Rough computations of mean monthly evapotranspiration are
made for the United States and southern Canada, using precipitation
and flux divergence data. Values exhibit the expected seasonal variations,
with a maximum of around 8 cm/mo in summer and a minimum of 1-2
cm in winter. Computations for the larger subdivisions of this area give
values which appear, for the most part, to be reasonable.

Thesis Supervisor: Victor P. Starr
Title: Professor of Meteorology
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L INTRODUCTION

Only a portion of the total water substance on this planet actively
participates in the physical and-biologiéal processes occurring in the
atmosphere and the surface laycrs of the earth. This is the water stored
i.n the oceans, in the atmosphers, and over the land, as surface storage,
scil moisture and shallow groundﬁater. The changes which take place
in the total coﬁtent of these reservoirs undoubtedly pfoceed at an ex~
ceedingly slow rate; consequently, this total water mass can, for
most purposes, be considered constant. The principle of continuity,
expressed in the form of a balance e_quaéion, then becomes the single
most useful tool in the study of the processes by which water circulates
between and within these ressrvoirs. In order to ﬁest utilize such an
equation, one or more quantities in the equation must be accurately
measured, and ‘the remainder evaluated as a residual. It is, therefore,
not surprising that the .me'asurement of these quantities has been of
primary concern to hydrologists, and indeed, the modern sciencé of
hydrology is often considered to have begun with the 17th century
precipitation measurements in the basin of the Seine by the French
physicists Perrault and Mari/otte (Chow, 1964).

Even at the present time, progress in hydrology is seriously

hindered by inadequate measurement of many of the processes involved



in these circulations. Among some of these measurement problems
recently discussed by Ackerman (1965) are:

1. Inadequate knowledge of the physical-chemical characteristics
of the different soil types (15, 000 in the United States alone), which in
turn leads to an inadequate knowledge of soil moisture characteristics.

2. Inadequate information on groundwater storage and movement.

3. Inadequate information on evapotranspiration under various
conditions. Ackerman states: '"Changes in regional or global supply of
atmospheric moisture obtained from land and water surfaces by evapo-
transpiration processes are largely unknown.......... Instruments are
in use for measuring evapotranspiration for single site and environment.

The effect of changes in environment can be quantified. New instruments

or improved techniques for use with conventional instrumentation are

needed, however, to quantify the exchange of moisture with the atmos-

phere over large areas for which water balance evaluations are required. "

General use of the balance equation for the terrestrial branch of -
the hydrologic cycle has been seriously limited by the existence in the
equation of two normally unmeasured quantities, evapotranspiration
" and change in surface and subsurface storage. Consequently, some
additional relationship, involving no additional unknowns, is required

in order to solve for these two quantities. The conventional approach



- to this problem has centered on attempts to estimate actual evapotrans--
piration through the use of standard surface meteorological data. As
noted by Thornthwaite and Hare (1965), all these systems contain the
same essential elements: (1) a means of computing potential evapotrans-
piration, (2) a means of computing actual evapotranspiration and soil
moisture, and (3) a system of budgeting soil moisture. Thus, evapo-
transpiration is assumed to be a function of potential evapotranspiration
and available soil moisture. Since in these systems potential evapo-
transpiration itself is considered a function of meteorological factors,
the computed evapotranspiration becomes a function of available soil
moisture and meteorological conditions. In the view of many soil
scientists, however, the ability of the soil to supply moisture to the
surface becomes the dominant factor after the initial drying period.
Gardner (1965) states that for much of the period between rains, evapo-
ration from the soil is controlled, not by meteorology, but by the ability
of soil to transmit moisture. In addition, the question of whether
transpiration decreases as soil moisture decreases, or continues at

a’ constant rate until the permanent wilting percentage is reached, is
still considered by many an open question (Thornthwaite and Hare,
1965). The various techniques handle this problem differently.

Since evapotranspiration is assumed to be a function of available



soil moisture, an estimate must be made of this quantity. The estimated
actual storage is kept track of by an accounting technique. Use of
actual measurements of soil moisture are impracticable because of the
great variability of such measurements over short distances (Thornth-
waite and Hare, 1965). Furthermore, the rate of movement of water to
the deeper layers and ultimately to the water table is difficult to evaluate.
Recharge (rainfall minus runoff) is handled differently by the various
methods; some assume no runoff until the soil moisture deficit is satis-
fied (Thornthwaite and Mather, 1955); others make the more realistic
assumption that some runoff occurs before the deficiency is satisfied
(Kohlér and Richards, 1962). As in the case of soil moisture, the run-
off used in the accounting procedures is usually computed rather than
measured.

The actual value of soil moisture capacity can be measured at
a particular site, but this quantity varies from point to point, and its
mean value over any given region is essentially unknown. Furthermore,
in order to apply these accounting techniques properly over a region,
as opposked to a single point, it is not sufficient to know the mean soil
moisture capacity; one must also know the distribution of this quantity
over the region. Kohler and Richards (1962) attempted to handle this “

problem by assuming several values of moisture capacity for an area.



The weight which is applied to each value is then determined by cor-
relation analysis.A These weights depend on the purpose to be served
and on the available data. In their case, the weights were determined
to yield the best index of storm runoff. Presumably these weights
might be different if used for other purposes. In any event, the com-~
puted soil moisture deficiencies served only as indices in an independent
relationship for predicting direct runoff from individual storms.

There is a further problem involved in the use of the terrestrial
water balance equation which is sometimes overlooked. This arises
from the fact that errors in the measurement of precipitation are not
random, but exhibit a negative bias (LaRue and Younkin, 1963). Con-
sequently, precipitation measurements will, in most cases, underesti-
mate the actual precipitation. This bias, which has been the subject
of numerous investigations during the past 80 years, is thoroughly dis-
cussed in the comprehensive survey paper of Weiss and Wilson (1957).
The error is mainly related to the speed of the wind and the character
of the precipitation, and is most serious for the commonly used un-
shielded rain gage. Several comparisons have been made between an
unshielded gage and a Koschmieder or pit gage, which Weiss and Wilson
feel comes closest to giving a useful reference for "'true'' rain. In

most of these tests the unshielded gage underestimated the actual rain-



fall by 5-15% at wind speeds of 4 me‘ters sec‘.l, 5-30% at 8 meters per.
second, and 5-50% at 12 meters per second.

Added problems arise in the measurement of snow, and several
studies comparing ground measurements of snow with the catch in gages
with flexible shields show an average underestimation ranging from 4
to 25% (Weiss and Wilson, 1957). The underestimation is much larger
for unshielded gages and gages with rigid shields. General corrections
cannot be made for these errors, since the bias 1s variable and primarily
a function of local wind speed.

This bias is accentuated in mountainous areas, where reports
are usually sparse and blased toward lower elevations. According to
LaRue and Younkin (1963), the paucity of data in the mountainousfregions
of the United States probably leads to precipitation underestimates of a
moderate degree, The lack of adequate precipitation data over large
inland lakes, such as the Great Liakes, also creates difficulties.

The average amount by which precipitation is underestimated
over North America is, of course, difficult to say, but in the light of
the survey of Weiss and Wilson (1957), a figure of 5-10% would not seem
unreasonable. This amounts to an average for the United States of about
3.5 to 7.5 cm/year, by no means a negligible figure when considering
longer term storage changes. Although precipitation measurements

will be used in the course of this investigation, in order to obtain estimates



of evapotranspiration, the shortcomings of these measurements must
be kept in mind.

Until recent times, the hydrologist has been restricted to
measurements involving only the terrestrial branch of the hydrologic
cycle. Since the late 1930's, however, an improving network of radio-
sonde stations has allowed progressively more detailed measurements
of atmospheric water vapor content and flux. These data have given
rise to several important studies during the past 15 years, which have
greatly increased our knowledge of the circulation and distribution of
water vapor in the atmosphere.

Because of its high degree of mobility, the atmosphere transports
huge quantities of water, even though its mean total water content only
~approximates that of the rivers of the edrth.. The continual operation of
evaporation and precipitation processes, which are estimated by Budyko
(1963) to proceed at an average rate of 100 cm/yr, causes a rapid turn-
over in the water content of the atmosphere, and limits the average
residence time of atmospheric water to around 10 days.

Over any given region, one finds a source or sink of atmospheric
water vapor, the strength of which depends upon the magnitude of the
imbalance between evaporation and precipitation at the ea;rth's surface.

This must, in the long run, be compensated for by a divergence, either



positive or negative, of the atmospheric vapor flux over the regibri.
Perhaps the most important single finding of the investigations of the

past few years, from a hydrologic point of view, was the demonstration
by authors such as Starr and Peixoto (1958), Benton and Estoque (1954),
Hutchings (1957) and Starr, Peixoto and Crisi (1965) that the vapor flux
divergence can be measured accurately enough to give useful estimates

of the mean difference between evaporation and precipitation, provided
the region considered is not too small and the time period not too short.
In these cases, the problems involved in the estimation of evapotrans-
piration by empirical techniques can be avoided by using an atmospheric
water vapor balance equation (Starr and Peixoto, 1958). Furthermore,
for such problems as evaluating the heat balance of the earth-atmosphere,
estimating the mean annual runoff from ungaged areas, computing surface
and subsurface storage changes over land and, in addition, for many
balance problems over ocean areas; it is sufficient to evaluate only the
quantity E-P ; the mean difference between evaporation and precipi-
tation. In these cases, the use of the atmospheric water vapor balance
equation also avoids the problems arising from the bias in precipitation
‘measurements. There are serious practical problems involved in the
use of this approach over smaller regions, but when used over sufficiently

large areas, where aerological data is.adequate, there is ample reason



to believe that the problems involved are less formidable than those
posed by the more conventional empirical techniques.

Extensive atmospheric watex; vapor flux data has recently become
available for the first time. These data were processed as part of a
large scale meteorological data processing program, supported by the
National Science Foundation under grant.. Nos. GP-3657 and GP-820,
and directed by Professor V. P. Starr at M.1. T. These data are, it
seems, adequate for a rather deta'iled study of the'water vapor flux and
flux divergence over North America, provided certain care is used and '
certain precautions observed. It was felt that initial studies involving
these data should pursue the following goals:

(1) A more detailed description of the atmospheric water vapor
flux and flux divergence over the North American sector than has hitherto
been possible,

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

(3) A contribution to a better understanding of the overall atmos-
pheric and terrestrial water balance of North America.

A study of the water balance of the North American Continent

and the neighboring Central American Sea (Caribbean Sea and Gulf of
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Mexico), covering the period May 1, 1961 through April 30, 1963, has
been made with these goals in mind. This report contains the more

important results of that investigation.
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O. REVIEW OF PREVIOUS VAPOR FLUX INVESTIGATIONS
A considerable number of investigations of atmospheric water
vapor flux and flux divergence, on scales ranging from less than 10°

2 to hemispheric, have been made during the past 15 years. Several

km
of these which the author feels to be pertinent to the present investiga-
tion will be discussed in this section.

Observation of the atmospheric branch of the hydrologic cycle
became possible as a result of the rapid expansion of the network of
aerological stations just prior to and, in particular, during World War
II. Meteorologists and hydrologists were slow in grasping this oppor-
tunity and very little use was made of these data until 1950 when Benton,
Blackburn, and Snead (1950) used atmospheric flux data in a study of
the water balance of the Mississippi Basin.

It had formerly been held by some hydrologists that a largé part
of the precipitation which fell over continental areas was derived from
local sources of evaporation. This misconception arose, according to
Gilman (1964), when the availability of runoff measurements showed
that local evaporation amounted to # large percentage of the local pre-
cipitation. This knowledge, combined with an underestimation of the

mobility of the atmosphere, led to a gross overemphasis of the direct

effect of local evaporation on local precipitation. On the basis of these
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conclusions, serious proposals were made to incréase precipitation

by locally increasing evaporation (Sellers, 1965). Holzman (1937) had
previously recognized the importance of advected moisture to the local
water balance and pointed out that most evaporation occurs into drier
air masses, which generally produce little precipitation. The study

of Benton, Blackburn and Snead further showed that most water evapo-
rated over the Mississippi Basin is carried far outside the basin before
falling again as precipitation.

This initial study was followed by a regional study over North
America (Benton and Estoque, 1954), which is of considerable signifi-
cance to the present investigation. Using twice daily data at 850, 700
and 500 mb from the rather sparse aerological network in existence
over North America in 1949, and using the geostrophic approximation
for the winds, Benton and Estoque made estimates of the flux across
the continéntal boundaries, and described the broad scale features of
the flux field during 1949. In additioq, the computed flux divergence
yielded reasonable estimates of average monthly and annual values of
E-P for the continent as a whole. These estimates became less re-
liable as the size of the area was reduced (Benton, Estoque and
Dominitz, 1953).

Hutchings (1957) made a careful study of the vapor flux across
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4 km2) delimited

a small quadrangular area of southern England (9 x 10
by aerological stations at the four vertices. The investigation included
a statistical analysis of the probable errors in the flux measurements.
This analysis is of interest since the vertical resolution in Hutchings'
data was similar to that used in the present study, and will be discussed
later with respect to data representativeness.

Hutchings (1961) also made a regional study of water vapor
transfer over Australia during the year 1956. The network of Australian
stations was roughly comparable to that available to Benton and Estoque
over North America in 1949. Once daily data at the surface, 900, 850,
800, 700, 600, 500 and 400 mb levels were used. The study was comp-
licated by the frequent occurrence above 850 mb of relative humidities
too low to be measured. Nevertheless, the average annual flux diver-
gence computed over eastern Australia, assuming the maximum possible
mixing ratio in those cases where ''motorboating' occurred, was in
excellent agreement with independent estimates of E-P. Mean monthly
values were not in particularly good agreement. Lack of agreement
during the winter months was probably due in part to errors in the inde-
| pendent estimate of evapotranspiration. These estimates were obtained

by the Thornthwaite method (Thornthwaite and Mather, 1955) which has

a tendency to underestimate evaporation during the winter months. One
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might suspect that differences during the summer months were due, in
part, to diurnal variations in the vapor flux. Such variations were found
in tﬁe summertime flux over much of North America in the course of the
present investigation, and render once daily observations unrepresenta-
tive of the mean daily flux.

In a recent study of evaporation over the Baltic Sea, Palmén
(1963) found the average annual flux divergence to be in excellent agree-
ment with independent estimates of E-P. These results were based on
data from Russian, Finnish, Swedish, Danish, and East German radio-
sondes.

The most extensive studies of the atmospheric branch of the
hydrologic cycle, with the aim of finding its relationship to the general
circulation of the atmosphere and to the large scale terrestrial water
balance, have been conducted as part of the MIT Planetary Circulations
Project, under the direction of Professor V. P. Starr. These studies
were concerned with average annual or semi-annual conditions. White
(1951), in an early study, estimated the water vapor transport across
latitude circles from actual wind and humidity reports. This was
followed by a series of investigations based on data from the year 1950.
They included an initial study of the poleward flux of water vapor (Starr

and White, 1955), followed by a more extensive investigation of the
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meridional water vapor flux (Starr, Peixoto and Livadas, 1958). The
first study, on a hemispheric basis, of the flux divergence and its rela-
tionship to the water balance of the earth was made by Starr and Peixoto
(1958). These analyses were later discussed in great detail by Lufkin
(1959). The techniques for obtaining the spatial distribution of flux
divergence -which are used in the current investigation, were discussed
in some detail by Peixoto (1959).

The zonal water vapor flux (Starr and Peixoto, 1960) and the
eddy flux (Starr and Peixoto, 1964) have also been studied. The final
outcome of the 1950 investigations has been summarized in a monograph
(Peixoto, 1958).

Similar studies of the hemispheric water balance (Starr, Peixoto
and Crisi, 1965; Peixoto and Crisi, 1965) have recently been completed
using the more extensive data available during the IGY year 1958. These
data also made possible the first study of atmospheric humidity conditions

over the entire African Continent (Peixoto and Obasi, 1965).
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III. FORMULATION OF THE BALANCE EQUATIONS
The following notation will be used:
= acceleration of gravity
= mean radius of the earth
= longitude
= latitude
= pressure
gpecific humidity

= pressure at the ground

pressure at which the specific humidity becomes negligibly small
=Q Coa¢ 2.9 , zonal wind component
d¢

= S_? , meridional wind component

N< R YO Y B > QO

~

l‘?, = eastward and northward pointing unit vectors,
respectively
& = total subsurface flow through a unit length of drainage basin
boundary

£ = rate of evapotranspiration

/2 = rate of precipitation
RO = rate of stream flow from a drainage area

S e total water storage on and below the surface of the earth per

unit horizontal area.
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2 = net sources of water vapor in a unit atmospheric column ex-

tending from /E to /9

N\
N

time

= number of observations

curve bounding a drainage area

outward pointing unit normal on curve

%fzg)dé

€Y =¢ I=¢H

I S o 2

time mean

-~
-
[}

instantaneous departure from time mean
L= “Af“\_ﬁ’( Yx*¢os P IAJdep = spatial mean
A
The following vertical integrals will be referred to in the course

of this report:

—_— A -
W = -é—j 3‘ d/b mean precipitable water (gm cm 2 or cm)
2
é—,\ =—jL— f '?’Z—ZZ o(/o vertically integrated mean total.zonal:l
@

water vapor flux (gm (cm sec)”1).

vertically integrated mean total meridional

£y
ol
—
09
Q.
h]

water vapor flux (gm (cm sec)™ ).
@R =4 5 * Cp N vertically integrated mean total water vapor
flux (gm (cm sec)™1),
The form of the atmospheric water vapor balance equation is

essentially that of Starr and Peixoto (1958), and Peixoto and Obasi (1965).
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For a column of air, extending from the ground to a pressure
/s , one may write the atmospheric water vapor balance equation in

the following form:

é\’\f.,. . = (1)
AW Lvg -z

The atmosphere is assumed to be in hydrostatic equilibrium,
and the flux through the upper boundary of the column is ignored, since
3 is negligible at/f’?

Evapotranspiration from the earth's surface and precipitation .
falling from the air column constitute the major source and sink of
water vapor. The formation (evaporation) of clouds within the column
constitutes another possible sink (source), but the use of commonly
accepted values for the water content of clouds (aufm Kampe and Weick-
mann, 1957; Atlas, 1965) indicates that the flux of water, in liquid and
solid form, will rarely average 10 to 20 gm (cm sec)”! for periods of
a month or more. This, for example, represents around 1% of the
total flux in the regions of persistent wintertime cloudiness along the
west coast of North America. Since the flux divergence rather than
the flux itself affects the accuracy of the water balance computation,
it can be concluded that the transport of water in liquid or solid form
may'be of some significance in those rather localized regions of per-

gistent formation or dissipation of clouds, or for occasional short
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time periods, but can be safely iznored on a mean monthly basis for
large scale water balance studies.
Thus
£--F
When applied to mean conditions over a given region and time period,

Eq. 1 becomes
<CGp = <EP> (XL (@)

For annual means, <T§:}? isusually negiigible compared with the
other terms. For monthly means, however, all terms are often of the
same order of magnitude, particularly during the spring and fall.

The vapor flux divergence can be expressed in spherical coor-

dinates:

a@ N(Bp Los D)
V@ q'cosgo S5t YD . | (3)

This expression can be conveniently evaluated by finite difference methods
to provide the mean divergencé within each area defined by 4 grid points.
However, when making detailed water balance studies which involve the
use of stream flow data, it is usually more convenient to obtain the mean
divergence over an irregularly shaped drainage basin. For this purpose,

a useful expression for flux divergence may be obtained from Gauss's
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Theorem:
<v@>=;g-£@m dc. “

A second relationship is obtained as a balance equation for the
ground branch of the hydrologic cycle. When applied to a particular
drainage basin, this balance may be expressed, in its simplest form,

as follows:
ey —RB>IZ L fE M.
c

<RO> is the net stream outflow from the basin. <_§,§_>
is the mean rate of storage change (surface, soil moisture, and ground-
water) over the basin, Z;L\f. C-4ie Je is the net undefground flow
through the vertical boundaries of the basin. This term will not include
ground water flow which discharges into streams within the basin, and
contributes only when ground water and surface divides do not coincide.
The lack of coincidence of theée divides in many limestone and lava
regions is well known, and 'lost rivers'' are commonly encountered in
such areas as the Columbia Plateau of the northwestern United States
and in the karst areas of Kentucky and Central Europe (Maxey, 1964).
Similarly, basins containing large outcrop areas of confined aquifers

of broad regional extent may have abnormally low runoff due to precipi-
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tation directly entering the aquifer within the basin, or infiltration from
streams within the basin. This water is then discharged at downstream
points. Typical of this phenomenon are the streams issuing from the
mountains onto the alluvial fans of the basin and range province of the
Western United States, and the eastward ﬂowing streams of the Black
Hills region of North’Dakota (Maxey, 1964). These underground ex-
changes probably occur on a scale too small to be studied to advantage
using the atmospheric water vapor balance equation. Little is known
of the larger scale movement of groundwater, which would involve the
" major aquifer systems, and any interconnections between these systems.
Although such exchanges appear to occur in some desert areas (Starr
and Peixoto, 1958), they are probably quite small in most regions, and
it was felt that attempts to evaluate this quantity over North America
would be best deferred to a later time, when data will become available
for a period of length sufficient to render surface and soil moisture
storage changes unimportant. Lacking evidence to the contrary, such
exchanges were assumed to be small over the large drainage areas
investigated, when compared with the seasonal and interannual surface
and subsurface storage changes. |

Neglect of this term then leaves only two unknowns, <ﬁ:1'5)

and ﬁ) , to be evaluated between Eqs. (2) and (5), since<_ef"f_—:f_>
¢ . ¢
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can be measured. Solving for surface and subsurface storage change

gives:
R S> =<V +<§w_ - <S>
<3 ¢ < ; Q¢ ) (6)
Using precipitation measurements, one can also solve for <E):

EH>=V-BY PR ()

These two simple relationships can then be used to evaluate
the two unknowns of the terrestrial water balance equation, all other

quantities in the equations being measured.



IV. DATA AND PROCEDURES
The_period studied extends from May 1, 1961 through April 30,
1963. 00 GMT meteorological data for the period May 1958 through
April 1961 were also available, but were used only for special purposes.
- The basic meteorological data were obtained from the MIT GENERAL
CIRCULATION LIBRARY and consiéted of mean monthly values éf the
following quantities

= = N

N/

©9|

——

= Z .__._.--:
¥4 NZU F | = ?v
] = Zu— g:f Z'V’ - -ZT- S—

<l

0

Separate data were available for 00 GMT and 12 GMT at the
surface, 1000 mb and at 50 mb intervalsiupto 200 mb for stations over
North America and the surrounding area (see Fig. 1). Statistical esti-
mates of '3" , which are available when the humidity was so low that
"motorboating' occurred, were treated as actual reports.

Vv , &, and G)p were computed separately for 00 GMT
" and 12 GMT 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 conzidered to be the pressure at the ground. Thus it was possible
to have reports at pressures higaer than that of the surfac*;e in those
czses where the mean monthly sorface srezsure was only slightly be-~
low a stancard reporting level; <iese reporis were excluded from consider-
c*ion. Monthly means at levels havirng less than 10 reports were not
used. Instead the data were conéidered missing and the value was ob-
tained by linear interpolation between the two nearest reporting levels.

tations 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
r.umber of reports was tabulated for each station for each month in
ihe course of the computations.. Examination of these figures indicated
that the percentage of missing reports generally ranged between 10%
and 20%.

Separate monthly maps were plotted énd analyzed for ‘Q‘; and

Qs for each of the 24 months, at both 00 GMT and 12 GMT. In
addition, a variety of auxiliary maps were plotted and analyzed in
order to obtain additional information on precipitable water, diurnal
flux variations, and mean seasonal patterns. Some of these special
charts are included in fchis report,

Computations of flux divergence were made by applyirg finite



-25-

difference methods to Eq. 3. (Peixoto, 1959), using as data the values
~of Z?_)l and 5¢ on a 2. 5° latitude by 2. 5° longitude grid south of
57.5°N, and on a 5. 0° longitude by 2. 5° latitude grid north of this lati-
tude. As before individual computations were made for each month,
and separately for the 00 GMT and 12 GMT data.

In order to obtain accurate values of mean divergence for the
various irregularly shaped regions considered in the water balance
studies, the net flux across a convenient curve, closely approximating
the actual boundary of the basin, was estimated directly from the flux
component maps. It makes little difference for the larger regions
whether one approximates a line integral around the basin or estimates
the mean flux divergence directly from the grid point data. On the
other hand, it is not always possible to satisfactorily approximate the
flux through the boundaries of the smaller regions usi'ng only grid point
data. Estimation of the mean flux divergence by planimetering a diver-
gence analysis based on grid point data was not considered satisfactory,
since the total divergence over an area, as represented by a summation
of the flux through the boundary, may not be conserved in the isoline
analysis.

Streamflow data were obtained from the Water Supply Papers

of the U.S. Geological Survey and Water Resources Papers of the



-26-

Canadian Department of Northern Affairs, for an area of 85.7 x 105 km?

covering almost all of the United States, and much of southern Canada.
Immediate coastal regions were notincluded, partly because of the time
involved in obtaining runoff from the great number of small coastal
streams; and partly due to limitations imposed by the location of the

last downstream streamgaging station, which is normally located some
distance inland. This had the effect of keeping the boundary of the
drainage area well within the outer ring of aerological stations. Stream-
gaging stations used in this study, the areasthey gage, and additional

regions of internal drainage are listed in Table 1.

Table 1, Streamgaging stations used in the investigation.

River Station Drainage Area (105km2)
Frazier Hope, B. C.: 2,03
Skagit Mt. Vernon, Wn. 0.08
Cowlitz Castle Rock, Wn. 0.06
Columbia The Dalles, Ore. 6.15
Willamette - Wilsonville, Ore.: 0.22
Umpqua Elkton, Ore. 0.10
Rogue Grants Pass, Ore. 0.06
Klamath Klamath, Ore, 0. 31
Eel Scotia, Calif. 0.08
San Joaquim Vernalis, Calif. 0.731
Cosumnes McConnel, Calif. 0.02

ncludes non-contributing Tulare Basin
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River Station Drainage Area (105km2)
VMokelumne Wocedbridge, Callf. 0.02
Sacramento Sacramento, Calif. 0. 672
Colorado Northerz Int. ‘Boundary 8.303
U. S. - Mexico
Rio Grande Caballo Dam, N. Mex. 0. 80
Pecos Girvin, Tex. 0.77
Colorado Bay City, Tex. 1.08
Brazos Juliff, Tex. 1.14
Trinity Romayor, Tex. G. 44
Neches Evadale, Tex. 0.17
Sabine Ruliff, Tex. 0. 24
Red Alexandria, La. 1.75
Cuachita Monroe, La. 0. 40
Mississippi Vicksburg, Miss. 9. 69
Big Black Bovina, Miss. 0.07
Pearl Bogalusa, La. 0.17
Pascogoula Merrill, Miss. 0.17
Tombigbee Leroy, Ala. 0.504
Alabama Clairborne, Ala. 0.57
Escambia Century, rlia. 0.10
Choctawhatchee Bruce, Fla. 0.11
Apalachicola Chattahoochee, Fla. 0.44
Suwanee Wilcox, Fla. 0.25
Santilla Atkinson, Ga. 0.07
Altamaha Doctortown, Ga. 0.35
Ogeechee Eden, Ga. 0.07
- Savannah Clyo, Ga. 0.286
Edisto Givhans, S.C. 0.07
Santee Pineville, S.C. 0.385

2Includes flow through Yolo Bypass

SIncludes all closed basins entirely within the drainage area. All significant
diversions from the basin above the gage are added to the gaged discharge;
all diversions into the basin are subtracted.

4Flow estimated from upstream stations and gage height readings

SIncludes diversion through Lk. Marion-Moultrie Canal



River

Peedee
Little Peedee
Cape Fear
Neuse

Tar

Roanoke
James
Rappahannock
Potomac
Susquehanna
Delaware
Hudson:
Conecticut
Merrimack
Androscoggin
St. Francis
Richelieu

St. Laurence
St. Maurice
Ottawa
Nelson
Burntwood

Missouri
Missouri
Mississippi
Arkansas
Ohio
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Station

Peedee, S.C.

Galivants Ferry, S. C.

Tarheel, N. C.
Kingston, N.C.
Tarboro, N. C.
Randolph, Va.
Cartersville, Va.
Fredricksburg, Va.
Washington, D. C.
Marietta, Pa.
Trenton, N.J.
Green Island, N.Y.

Thompsonville, Conn,

Lowell, Mass.
Auburn, Me.
Hemming Falls, Que.
Fryer's Rapids, Que.
Cornwall, Ont.
Grand'mere, Que.
Grenville, Que.
54047'N, 97956'W
55044'N, 97954'W

Missgissippi Basin

Sioux City, Ia.
Hermann, Mo.
Alton, Ill.

Little Rock, Ark.
Metropolis, Ill.

Estimated Additional Internal Drainage

Oregon

Idaho-Wyoming

Utah
Nevada
California
New Mexico

6Egtimated from upstream stations

Drainage Area (105km2)

.23
.07
12
.07
.06
.08
.16
.04
.30
. 87
.18
.21
.25
.11
.08
.10
.22
. 68
.42
.786
.09
.16

—
COMFHF O-JOO0OO0OO0OO0ODO0OO0OO0OO0O0OCOO0OOOOO0OO0O

.16
.70
.70
.10
.27

(SN - Ve o]

.47
.10
.12
.52
.42
0. 39

- N = OO
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Precipitation data used in this study was obtained from U. S.
Weather Bureau Climatological Summaries, the Monthly Report of the
Canadian Department of Transport, and a compilation by L.aRue and
Younkin (1963).

Information on the levels of the Great Lakes was furnished by
the Lake Survey of the U.S. Army Corps of Engineers. Computations
of evapotranspiration and soil moisture storage for the Ohio Basin,
based upon the Thornthwaite method (Thornthwaite and Mather, 1955),
were furnished by Mr. Wayne Palmer, of the Environmental Data
Service, ESSA. Lake evaporation data (Kohler et al, 1955) was fur-
nished by the Hydrologic Research and Development Laboratory of the
U.S. Weather Bureau. |

Several stations, mostly military operated, converted from the
lithium chloride to the carbon humidity element during this two year
period. No significant difference in the measurements obtained from
these two elements could be detected in the monthly means; however,

the dates of changeover of these stations are listed below.
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Table 2, Dates of changeover from lithium chloride to carbon humidity

elements. (Source: National Weather Records Center, Asheville, N.C.)

Station Date of Change Remarks

Adak, Alaska 9/29/61

Argentia, NFD 1/30/61

Corpus Cristi, Tex. 4/1/61

Key West, Fla. 3/1/61 Navy stations

Trinidad, BWI 5/16/61

Pt. Arguello, Calif. 1/15/62

Guantanamo, Cuba 2/13/61

Kindley AFB, Bermuda Air Force stations-

Eglin AFB, Fla. date of changeover

Del Rio AFB, Tex. unknown but probably
in mid 1961. Del Rio
operated by Air Force
until 3/3/63, then
operated by the Weather
Bureau, who used
lithium chloride element.

Oakland, Calif. 4/63 )

Midland, Tex. 4/63

Intl. Falls, Minn. 4/63 U.S. Weather Bureau

Tatoosh, Wn.

4/63
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V. REPRESENTATIVENESS OF DATA AND ANALYSES
A. Representativeness of the Water Vapor Flux Data

The extent to which the flux data represent the true conditions
is determined by (1) héw well the data taken at a particular hour, at
a particular station, define the actual mean flux at that observing time,
and (2) how well the mean of the 00 GMT and 12 GMT observations de-
fine the actual mean monthly flux.

The study of Hutchings (1957) previously cited throws some
light on these problems, since the resolution of his data (surface and
every 50 mb up to 750 mb, then every 100 mb to 350 mb) is similar to
that used in the present study. Although not specifically stated, obser-
vations were apparently made with the Kew radiosonde. He obtained

the following flux vector errors at various levels:

Table 3 . Water vapor flux vector errors (from Hutchings, 1957).
Units: gm (cm mb sec)~1

Level '3"\7/’ Systematic Standard vector error
error
Total Sampling .
950 mb 4.5 +.01 .09 .08
750 mb 3.1 +.07 .07 .06
550 mb 1.5 +.06 .04 .04
350 mb 0.4 +.03 : .01 .01
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W is the mean water vapor flux at the 4 stations during the
three month period June-August, 1954. The systematic error was due
to humidity errors which were produced by instrumental lag. In this
regard, it should be noted that Hutchings assumed no other systematic
instrumental errors.

Lag errors in humidity measurements, wind errors, and samp-
ling errors arising through the use of the arithmetic mean of two obser-
vationé a day all contributed to the standard vector error. However,
from Table 3 , it is apparent that sampling errors made the major
contribution. It will be shown later that diurnal variations in the vapor
flux will produce an additional systematic sampling error which often
overshadows all others.

The following results were obtained for the vertiéally integrated

transport:

Table 4 . Estimated vertically integrated water vapor flux vector
errors (from Hutchings, 1957). Units: gm (cm sec)-1,

Systematic error Standard vector error

+30 16

Sampling errors again make the major contribution to the standard vec-

tor error.
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The following values were obtained for the flux divergence

errors, assuming linear variations between stations:

Table 5 . Estimated vapor flux divergence errors (from Hutchings,
1957). Units: gm (cm? mb 3 months)~1,

Level V- W Systematic error Standard error
950 mb -0.302 0 0.023
750 mb +0.099 0 0.019
550 mb +0. 052 0 0.011
350 mb +0.011 0 0.003

The errors at each level were not serious when compared with the
computed values of divergence, even over the relatively small area
being investigated. Errors produced by nonlinear flux variations be-
tween stations, which were not included in this estimate, may be more
serious, however,

For standard errors of the vertically integrated divergence
- (including a contribution for nonlinear effects), Hutchings obtained an
estimate of 4 g em™2 for the 3 month period. The magnitude of this
‘error would, of course, decrease as the size of the area increased,
provided the same spacing between stations was retained on the bound-
ary.

The characteristics of the Kew radiosonde, as to lag and

instrumental error, may not be the same as that of the American instru-~
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ment. Nevertheless, it seems probable that the overall error in the
measurement of the mean monthly flux would be similar for the two
instruments.

This study indicates that the mean monthly flux at a particular
observation time is defined quite accurately if no observations are
missing. The mean monthly data used in the present investigation
were normally computed from something less than a complete set of
monthly observations, but the number of migsing observations was
usually under 20%. This will undoubtedly increase the errors in the
monthly means, but, barring a bias in the missing data, these errors
will usually become quite small for seasonal and annual means.

There is a certain amount of variation in the response charac-
teristics of different radiosonde humidity elements, and it is possible
that the use of a large supply of instruments with abnormal character-
istics will result in a bias in the monthly mean. Should this occur
within the dense network of stations over the United States, and last
for a period of months, it will be identifiable as a systematic, small
scale feature in the analyses during that period. Such may have been
the case in a few instances, although this is difficult to state with any
degree of certainty. In any case, the analyst is well advised to smooth

any small scale, transient irregularities, as they are difficult to define
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properly, and at best add little to the large scale balance computations.

A few stations, most of them military, converted from a lithium
chloride to a carbon humidity element during this two year period. Some
information on the relative characteristics of these two elements can be
found in a paper by Hodge and Harmantas (1965), but their relative be-
havior on a mean monthly basis is unknown. Therefore, a few simple
checks of the data were made in an attempt to determine if any signifi-
cant inconsistency was introduced into the flux measurements by this
change.

A check of the observations at San Antonio and Del Rio, Texas:-
wag first'made, since it is tempting to attribute the large differences
often found in the measured 12 GMT flux at these two stations to the
use of different elements. However, an inspection of the original data
showed the difference to be due primarily to differences in the winds.

As a further check, mean monthly values of ‘W at Corpus Christi
and Key West (carbon element) were compared withthose at Brownsville
and Miami (lithium chloride element). The most northerly station used
the carbon element when Corpus Christi and Brownsville were compared,
while the reverse was true in the case of Miami~Key West. Throughout
most of the year, the stations exhibited the expected latitudinal effect,

with values at the more northerly stations being lower in every case.
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However, during the summer months, when the latitudinal effect is
unimportant, the stations with the lithium chloride element recorded
slightly higher values of W | . The differences were not large, and
may have been due to factors other than the humidity element.

Tinker AFB and Oklahoma City provided the best comparison
of the two ‘elements. Tinker AFB changed to the carbon element in
November, 1961*, while Oklahoma City used the lithium chloride ele-
" ment throughout the two year period. The stations are only a few miles
apart, and at practically the same elevation. Tinker AFB made obser-
vations at 06 and 18 GMT; Oklahoma City at 00 and 12 GMT. 12 months
of data, four of which occurred before the change of elements at Tinker
AFB, were available from which to make comparisons. Although the
data did bring to light a systematic difference in wind observations
between the stations, there was no indication of any important differ-
ence in humidity measurements, either before or after the change.

From these comparisons, it appears that differences in humid-
ity measured by the carbon and lithium chloride elements create at most
only small and, for our purposes, negligible differences in the mean
monthly flux.

Hutchings (1957) study indicated a 50 mb resolution in the vertical

*Verbal communication from Mr. W, Tochiffely of the National Weather
Records Center.
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to be adequate for studies of this type. The results of this investiga-
tion support his conclusion, although the vertical profiles of flux di-
vergence which were found during the summer, with their rapid changes
in the lower levels, indicate that a 25 mb interval could be justified
through the lowest 100 mb. An upper limit of 200 or 300 mb appears

to be quite adequate for the vertical integration.

Perhaps the most serious problems of representativeness are
concerned with approximating the mean daily flux from observations
taken once or twice daily. Hutchings (1957) analyzed the magnitude of
the random error which results from this approximation, and found it
not serious. However, neither he, nor Benton, Estoque and Dominitz
(1953) considered the possibility of systematic errors which can arise
because of this approximation, if there exist large mean diurnal vari-
ations in the flux. Such variations wére found in the course of this
investigation, and will be discussed in detail later. These variationé
are large enough to produce unacceptable errors in the flux computa-
tions over much of the North American Sector when only once daily
‘observations are used. The error is greatly reduced by using twice
daily obServationsj but some error is, no doubt, | still present, and its
effect on the divergence computations has not as yet been adequately

determined. This will require further investigation, using all availahle



-38-

6 hourly observations. Suffice to say that in many areas, particularly
during the summer, the systematic error in the flux divergence, intro-
duced by the use of twice daily observations to approximate the mean
daily flux, is not negligible, but is an important factor in determining

the smallest area to which the atmospheric water balance equation can

be successfully applied.

B. Representativeness of Streamflow Data

The accuracy of streamflow data depends primarily on (1) the
stability of the gage-discharge relation or, if the stream channel is
unstable, the frequency of the discharge measurements, and (2) the
accuracy of observations of stage, measurements of discharge, .and
interpretation of records (U.S. Geological Survey Water Supply Papers).
The station description states the degree of accuracy of the records.
The error in daily values is generally less than 10%; consequently
the mean monthly and annual errors will, in general, be considerably
less than this figure. No known systematic errorg exist in these

measurements.

C. Representativeness and uniqueness of the analyses

One can study the water vapor flux divergence by computing the
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divergence within a polygon formed by aerological stations at the ver-
tices, or by constructing maps of the flux components, from which
data can, in turn, be obtained for divergence computations. The first
method has the advantage of being completely objective, but the size
and shape of the areas over which computations can be made is de-
termined by the location of the aerological stations. Furthermore,

it is difficult to assume anything but linear flux variations between
stations. The second method is less restrictive, for one can use the
analyses to compute a line integral around any desired region. Further-
more, it allows the introduction of nonlinearity in the analysis when
indicated by the data. The introduction of these features, which de-
pend to some extent, on the judgement of the analyst, makes definitive
statements on the representativeness and uniqueness of the analysis
difficult. 'The use of objective analysis techniques can simplify this
problem, and some promising progress along these lines has recently
been made by personnel of the Travelers Research Center.

The question of uniqueness may be stated as follows. How
much subjectivity does the station network reasonably allow in the
determination of the mean divergence? A few simple tests were made
in order to gain some insight into this problem. The first consisted

of making two different analyses from the same data, the results of
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which are illustrated in Figs. 6 and 7. The divergence field of Fig. 6
was obtained from analyses of mean 00 GMT data for the three month
period June through August, 1958, while that of Fig. 7 was obtained by
averaging the divergence computed from individual monthly analyses.
The major features of the pattern are quite similar, as are many of the
smaller scale features. Thus, differences in analysis would not be of
much importance for averages over large portions of the continent. It
is noteworthy that the smoother pattern is obtained when individual
monthly analyses are averaged. This might be expected, since a part
of the random analysis error is then removed. Consequently, this
should also be the more representative of the two analyses, but since
only 00 GMT data was used, neither analysis gives a good representa-
tion of the actual mean seasonal divergence.

Further checks on the uniqueness of the analyses were performed
using line integrals around regions of varying éize. Following the compu-
tation of the net flux into a given region, the flux field in the vicinity of
the boundary was reanalyzed on acetate, making a conscious effort to
maximize the net flux into the region, within the limits of a reasonable
analysis. The changes which were produced in the mean divergence
rarely exceeded 1/2 cm mo~! for areas larger than 15 x 105 km2

(around 1/3 of the United States), and 1 cm mo"1 for areas between
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10 and 15 x 105 kmz. However, for areas smaller than about 5 x 105 km,
changes of a few centimeters could sometimes be produced. Thus it
appears that the judgement of the analyst becomes an important factor
for areas smaller than 10 x 105 kmz.

It should be remembered that these checks were made over a
region of good data coverage. As the data become less dense, the judge-
ment of the analyst becomes more important. Thus, only the broadscale
pattern of flux divergence can be uniquely determined over such areas
as the Gulf of Mexico and the Caribbean Sea, and little detail can be
justified. In these regions the analyst should strive for a smooth field
of the flux divergence as well as the flux components. A smooth analysis
of the individual flux components will not necessarily produce a smooth
divergence pattern. More likely a series of alternating convergence-
divergence ''couples'' will result, merely because the data are not suf-
ficient to define analyses which maintain the rather delicate balance
between the flux components which is characteristic of a vector field
whose divergent component is a small part of the total vector. Thé
policy was adopted, for both areas of plentiful as well as sparse data,
of striving for an analysis of the flux components, consistent with the

data, which would produce the smoothest pattern of divergence. It

was felt that no additional detail could be justified. .
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So far as representativeness of the analyses is concerned, it

- is quite clear from the previous discussion that a unique analysis,
determined entirely by the data, may still not be representative of the
mean monthly flux or flux divergence. Much of this report will be

. concerned with attempts to determine the minimum scale on which these
analyses can be usefully applied. It appears that this is primarily
determined by systematic érrors of three general types; diurnal vari-
ations in the flux field, errors arising from local station peculiarities

of the type observed at Oklahoma City and Tinker AFB, and the dif-
ficulty of separating small scale features from the large scale component
of the flux. The latter is a particularly important problem in mountain-
ous terrain, where the tendencylto 1océfe stations in valleys, or at

lower elevations, creates a situation in which much of the integrated

flux vector represents local low level circulations. The problem of

systematic errors will be more thoroughly discussed in Chapter XI.
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VI. THE LARGE SCALE FEATURES OF THE
NORTHERN HEMISPHERE VAPOR FLUX FIELD
The water balance of North America, or any other region,
does not exist as an isolated phenomenon, but operates within the
framework of the global hydrologic cycle. Even in a regional inves-
tigatioﬁ, the results take on added meaning if veiwed in relation to the
large scale hemispheric wéter balance. For this reason, it is desir-
able to discuss briefly the place of the North American sector in the
large scale vapor flux field of the northern hemisphere. The discus-
sion will be based primarily on conditions during the IGY year 1958,
as illustrated by hemispheric maps (Figs. 2-4) and statistics from the
study of Peixoto and Crisi (1965). Mofé detailed mean monthly analyses
were made for the North American sector in the course of the present
investigation. Maps from this series, for January 1962 and 1963, and
July, 1961 and 1962 are also included in this report (Figs. 8-19) for
more detailed reference. Unlevss otherwise stated the discussion re-
fefs to the mean total vertically integrated flux.
Looking first at the statistics for the hemisphere, it is apparent
that the primary source of atmospheric water vapor is found in the lati-
tude belt extending from 15°N - 35°N. The mean annual southward

transport from these latitudes reaches a maximum around 10°N, then
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decreases to practically zero at the equator. The northward transport
into mid-latitudes reaches a maximum around 40°N. Conditions vary
somewhat with the seasons, with northward transport across the equa-
tor in summer and southward transport across the equator in winter.
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.

The average hemispheric zonal transport broadiy reflects the
features of the low latitude easterlies and mid-latitude westerlies. The
maximum mean annual eastward transport is located around 40°N, while
the maximum westward transport occurs near 10°N. The change from
eastward to westward transport is found between 20°N and 25°N. Trans-
ient eddies are a minor factor in the total zonal transport. The contri-
bution from the higher levels represents a greater percentage of the
total zonal transport than it does of the meridional transport, with
sizable values observed even at 500 mb.

No westward transport is found at high latitudes in the hemispheric
averages, but the total transport drops to almost zero at 75°N, and re-
mains eastward only because of the contribution from the transient
‘eddies.

Summer (April-September) and winter (October-March) hemi-
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spheric statistics for the zonal flux reflect the seasonal shift of the
westerlies. The latitude of maximum eastward flux moves from 40°N-
45°N in summer, to 35°N in winter. Similarly, the latitude of change
from eastward to westward transport shifts about 5° southward in win-
ter. On the other hand, the latitude of maximum westward transport
remﬁins around 10°N during both seasons.

It becomes apparent, upon examination of Figs. 2-4, that sig-
nificant large scale asymmetries exist in the hemispheric pattern of
the flux components, which are necessarily averaged out in the mean
hemispheric statistics. Furthermore, these asymmetries bear an
unmistakable relationship to the distribution of the continents and oceans
of the hemisphere.

The most intense mean annual meridional transport occurs over
the oceans. The maximum southward transport at lower latitudes is
found in the eastern Atlantic Ocean, over the Arabian Sea, and over
broad areas of the Pacific Ocean. This corresponds to the eastern ends
of the semipermanent Atlantic high and wintertime North African high,
while the more uniform southward transport over the Pacific is pr;)b-
 ably due, in part, to the tendency for the Pacific high to split into two
geparate cells. Almost all of the mean annual northward outflow from

low latitudes across 25°N occurs in three definite areas: the southwest
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Pacific (south and east of Japan), the western Atlantic and Gulf of Mexico,
and the Indian subcontinent and southeastern Asia. The last area is asso~
ciated with the Asian Monsoon and is primarily a summertime phenomenon.
The regions of northward flux in the western Pacific and western Atlantic-
Gulf of Mexico mark the southwestern extremities of the major oceanic
cyclone belts, and here moisture feeds northeastward from low latitudes
into the developing cyclones. The maximum northward moisture flux, and
the major oceanic cyclone belts, are found at progressively higher latitudes
as one moves eastward across the oceans. Consequently, almost all of
the mean annual northward transport across 50°N takes place in the
Northeastern Pacific and the North Atlahtic. Furthermore, since the
mean annual northward transport associated with the Asian Monsoon be-

comes 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. It is therefore not surprising that this

meridional transport is accomplished primarily by the transient eddies.
Importaﬁt seasonal changes in this pattern are confined to the
region of the ’Asian Monsoon, where the northward transport covers a
broader area, is more intense, and extends further north in summer.
Even so, the nérthward flux extends only to 30°N over eastern India, and

to 40°N over eastern China, so that the transport to higher latitudes is
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still accomplished primarily in the Atlantic and eastern Pacific.

The mean annual zonal flux clearly shows a three wave pattern.
At low latitudes, maximum westward transport is found in the centra}
Pacific, over the Caribbean Sea and over the western Arabian Sea and
the Horn of Africa. These centers are almost equally spaced around
the hemisphere. Three centers of eastward transport are also found,
and, as in the case of the meridional transport, are located over the
major ocean areas, and associated with the Atlantic and Pacific cyclone
belts, and the Asian Monsoon. The maxima over the Atlantic and Pacific
are found at progressively higher latitudes as one moves eastward across
the oceans, as was the case for the meridional transport. The three
maxima are again roughly 120° apart but because of the difference in
latitude of the ocean areas (the Indian Ocean being at much lower latitudes
than the Atlantic or Pacific), they are not symmetric about the pole.

Seasonal changes consist mainly of the southward migration of
the major maxima of eastward transport over the Atlantic and Pacific in
winter, and the westward extension of the Pacific subtropical westward
transport across the Indian subcontinent. This resultsinapattern in
winter which is more symmetric about the pole; the eastward maximum
over southern Asia having shifted northward to around 25°N.

The major features of the flux fields over North America can now

be considered within the framework of the hemispheric circulation pattern.
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Two main currents are observed on mean maps. One crosses the
Pacific Coast, generally between 40°N-55°N, usually weakens rapidly,
and finally merges with the second, more intense current east of the
Continental Divide. It has the appearence of a rather diffuse, high level
current on mean monthly and seasonal charts. The tendency for a rela-
tively large part of this influx to take place above 850 mb is apparently
the result of the high terrain of the Pacific coastal regions, since the
eastern Atlantic counterpart of this current shows a strong low level
influx well into central Europe.

The second major inflow area is associated with the western
Atlantic-Gulf of Mexico region of northward transport previously dis-
cussed. The mean westward transport in the western Atlantic becomes
more southerly east of the Greater Antilles and off the southeast coast
of the United States. South of 25°N the flux remains westward into the
Central American Sea. Here the mean current splits into two branches:
one moving southwestward across central America; the remainder turn-
ing northward and entering the continent in’northeastern Mexico and
along the western gulf coast of the United States.

The inflow to the southeastern United States moves into the
southwestern extension of the Atlantic cyclone belt, while the influx

across the Pacific coast is associated with the northeastern extremity
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of the Pacific cyclone belt. The history of these two influx currents
prior to entering the continent is therefore quite different. In the case
of the Pacific coast inflow, the air is relatively cold, and has been mov-
ing across the cool waters of the central and north Pacific, through a
region of strong flux convergence. The moisture entering the south-
eastern United States arrives from warm regions of strong vapor flux
divergence.

From the previous discussion, it is apparent that the flux pat-
tern over the North American sector is strongly dependent on longitude.
For examplé, the mean annual northward flux maximum occurs around
45°N-50°N on the Pacific coast,’ thle in the western Atlantic and eastern
North America the maximum is found around 25°N-30°N. No low latitude
mean southward flux is apparent through the Western Atlantic and eastern
Caribbean Sea, but mean southward transport is found as far nozjth as
35°N along the west coast of North America. Similar asymmetries are
found in the mean annual eastward flux; the maximum is located between
45°N-50°N over the western portions of the continent, and between 35°N-
30°N east of the Continental Divide. This has the effect of creating a
region of light mean annual transport over the southwestern portions of
the United States.

We have described, in this section, only the broadscale features

of the water vapor flux field over North America. The temporal and
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spatial variations of the vapor flux will be described in more detalil in
the final sections of this report, when the atmospheric water balance
of the Central American Sea, and the atmospheric and terrestrial water

balance of various regions of the North American Continent will be

considered.
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VII. THE VERTICAL DISTRIBUTION OF FLUX
.DIVERGENCE OVER THE UNITED STATES

A general investigation of the moisture flux on various pressure
surfaces was not attempted in this study. However, the series of ver-
tical cross-sections (Figs. 27-39) may be used to define the flux through
the boundaries of two areas: (30°-47. 5°N; 80°-100°W) and (100°W to the
Pacific coast; 30° or 32.5%-47.5°N). Except for that portion of the
boundary between 30° and 32.5° N at 105°W, the flux through the
boundaries is completely depicted on the cross-sections.

Values of the boundary flux were tabulated at 50 mb intervals
bfrom 1000 mb to 400 mb from data on the cross-sections. Data for El
Paso was used as an estimate of the zonal flux through the gap at 105°W.
Additional values were interpolated from the cross-sections at 975 mb
and 925 mb when needed to properly define the vertical profiles. Tﬁe
ground profile along the boundaries was estimated as accurately as
possible, and outflow was computed only when the pressure surface
was above ground level.

The total outflow at each pressure surface was divided by the
enclosed area (eastern region 33.6 x 10° kmz; western region 32. 6 x
109 kmz) in order to obtain a value of outflow per unit area. This fig-

ure is eqivalent to the areal mean flux divergence at levels above the
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highest terrain. At lower levels, the mean flux divergence over that
portion of the area where the pressure surface is actually above ground
level will obviously be greater than the total areal average by the ratio
of the two areas.

January‘and July profiles for the two regions are shown in Fig.
96.. The January profile for the eastern area shows negative flux
divérgence at all levels. The maximum near 925 mb coincides with the
level of maximum inflow from the south. It is interesting to note that
no strong increase in divergence is found at the level of maximum out-
flow on the east coast (750-800 mb), as this outflow is more than offset
by mean inflow through the three remaining boundaries.

The January profile for the western area differs from that in
the east in some important respects. With the exception of the 1000
mb level, the region below 850 mb is found to be divergent. Examina-
tion of the flux along the boundary reveals outflow in the lower levels
east of the Continental Divide and also into the Gulf of California which
more than offsets the inflow across the Pacific Coast. Since both the
Colorado River Basin and the area east of the Continental Divide are
isolated from the remainder of the region by mountains which rise
above the 850 mb level, the outflow must have originated within the
individual areas, through evaporation or decreased atmospheric stor-

age, or have been supplied from higher elevations by a downward flux
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or by evaporation from falling precipitation. The mean flux divergence
becomes negative at 850 mb, and maintains a rather constant negative
value to 400 mb. The flux convergence above 650 mb is significantly
greater than that found over the eastern area.

The July profiles are similar in both east and west, but differ
markedly from those found during January. Strong net inflow in the
lower elevations is capped by divergence at higher levels. In the east,
the maximum inflow occurs between 950 and 1000 mb, and again coin-
cides closely with the level of maximum inflow from the Gulf of Mexico.
In addition, the level of imaximum net outflow, (between 800 and 900 mb)
now coincides with the level of maximum transport across the east coast.

Low level convergence is found throughout a deeper layer over
the western area. This is to be expected because of the extensive areas
of high terrain, and the variable elevation of the ground. The computed
magnitude of this convergence may be somewhat excessive between 850
and 950 because of a probable excess ‘of low level inflow across 100°W
associated with systematic divergence errors east of the Rocky Mountains.
(See Chapter XiiI of this report). Similarly, the low level convergence
of the eastern region may extend through a somewhat deeper layer than
indicated by the computation. The high level flux divergence is located

at considerably higher elevations over the west, in a manner similar to
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the high level convergence pattern in winter.

The contribution to the total integrated flux divergence from each
50 mb layer is given in Table 6. Values above 400 mb were obtained by
assuming a linear decrease of divergence to zero at 250 mb. Contribu-

tions from the layer below 1000 mb are small, and are not included.



Table 6. Vapor flux divergence. Units: gm (cm2 rmo)_1

West East Total
Pressure
(mb) Jan Jul Jan Jul Jan Jul
1000~950 +0.02 -0. 87 -0. 43 -1.02 -.21 -0. 95
950-900 +0. 14 -1.45 -0. 69 +0,03 -.28 -0.70
900-850 +0.18 -1.15 -0.59 +0. 60 -.21 -0.25
850-800 +0.03 -0. 32 -0.49 +0. 66 -.23 +0.18
800-"750 +0.16 +0.10 -0. 44 +0. 51 -. 30 +0. 31
750-700 -0. 26 +0.37 -0.35 +0. 33 -.31 +0. 35
700-650 -0.29 +0. 47 -0. 29 +0. 28 -, 29 +0. 37
650-600 -0.33 +0. 53 -0.22 +0. 24 -.28 +0. 38
600-550 -0. 31 +0. 59 -0.14 +0.12 -.22 +0. 35
550-500 -0.27 +0. 50 ~-0.13 +0.11 -.20 +0. 30
500-450 -0. 25 +0. 35 -0.12 +0.10 -.18 +0. 22
450-400 -0.21 +0. 21 -0.08 +0. 09 -.15 +0.15
(400-250) (-0. 26) (+0. 25) (-0.08) (+0.12) (-.17) (+0.18)
<vR> -1.97 -0. 42 -4.05 +2.17 -3.03 +0. 89
<AW> gmcm™2  +0.5 +0. 3 +0. 2 +0. 3 +0. 3 +0. 3
contribution above }
500 mb -0.72 +0. 81 -0. 28 - +0. 31 -0, 50 +0. 55

.—gg.—
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The July profiles may be compared with the June-August, 1954
results of Hutchings (1957) for southern England. He found strong con-
vergence below 850 mb, and divergence at all higher levels up to 350 mb.
The values were, however, much larger than the July values over North

2 mb mo)"1 for the low

America, with peak values of 10 x 10~2 gm (cm
level convergence and 3.3 x 10-f2 gm (cm2 mb mo)~! for high level di-
vergence.

The contribution to the total vertically integrated divergence
from the layers above 500 mb is surprisingly large over the higher
terrain of the western region, and it is quite apparent that significant
systematic errors will arise in the computed mean monthly divergence
if these layers are not included in the vertical integration. On the other
hand, the error apparently reverses sign with the season; a consequence
of the fact that the higher layers are convergent in winter and divergent
in summer. Consequently such errors will have the effect of damping
the actual seasonal variations of flux divergence. Since these seasonal
errors will tend to cancel,the average annual error will not be large.
The contribution from the layers above 500 mb follows a similar pattern
in the east, but here amounts to only 7-15% of the total integrated flux
divergence.

Given these data, together with an estimate of the rate of evapo-

ration from the surface of the earth, one can estimate the vertical vapor
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i.ux through the lower atmosphneiic layers in those cases where con-
cdensaticn is not a significant factcr. Condensation can probably be
salely neglected below 500-800 ructers iz summer, but such an assump-
tion is less acceptable in winter. Cormputatiions of the vertical flux were
made for the eastiern region at a few of the lower levels, assuming no
condensaticon losses and no changes in atmospheric storage in the layers.
Estimates of evaporation from the earth's surface were based on the
water balance computations to be discussed in Chapter X, and are listed

in the following table as the flux from the surface.

Table 7. Eastern Area - Compuitd vertical water vapor flux (assuming
no condensation or atmospheric storage changes) Units: gm/cm2 mo.

January July
surface 2.5 9
950 mb 3.0 10
925 mb 3.5 10

900 mb 10

It is interesting to note that even with the strong low level con-
vergence observed in July, the vertical vapor flux in the lower layers

is still primarily the same as the evaporation rate up to 900 mb.

Haichings (1957) computed a vertical transport of around 13 1/2 gm/cm2 mo

8

through the 950 mb level. Of this amount, he estimated 6 gm/.crn2 mo was
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transported by the large scale vertical motions, and the remainder by
convection and small scale turbulence. Evaporation was estimated at
around 8 gm/mo. Rainfall during the three month period which he in-
vestigated was abnormally high (140% of normal). It seems probable
that large scale vertical motion plays a more important role in the
summertime vertical vapor flux over England (particularly during the
excessively wet summer of 1954) than it does over the United States
south of 47. 5°N.

The values of the low level vertical flux shown for January are
around one-third of those found in July. Because of the neglect of con-
densation, these values are probably slight overestimates of the actual

vertical flux.
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VIII. DIURNAL VARIATIONS OF THE WATER VAPOR FLUX

The random errors which arise when estimating the vapor flux
from observations taken once or twice daily have been discussed by
Benton, Estoque, and Dominitz (1953) and Hutchings (1957), and esti-
mates of their magnitude have been made. On the other hand, little or
no attention has been given the possibility of systematic errors arising
from diurnal flux variations. Such errors can be produced by diurnal
variations in either the wind or specific humidity or through a correla-
tion of variations in both quantities. Since systematic errors cannot be
reduced by increasing the length of the averaging period, they create
problems which are, in many respects, more serious than those arising
from random errors.

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 a few individual stations, or to
scattered data from rather restricted areas. However, the existence
of 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 sys-
tems (Defant, 1951) has a pronounced effect at some stations in the

mountainous regions of North America. Low level nocturnal wind
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maxima have been investigated by Gehardt (1962), Hoecker (1963, 1965)
Izumi and Barad (1963), Izumi (1964), Kaimal and Izumi (1965) and
others, and theories on their existence and behavior have been proposed
by Blackadar (1957) and Wexler (1961). Curtis and Panofsky (1958) found
important 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 (1951) found significant diurnal
changes in the meanAdivergence field in the same general area during
August. These two investigations suggest the possibili{y of significant
diurnal variations in the vapor flux divergence as well as in the vapbr
flux itself. Harris (1959) evaluated the first two harmonics of the
tropospheric diurnal wind variations during three summer months at
Washington, D. C., and found first harmoxﬁc components which exceeded
1m sec'l, and second harmonic components'which exceeded 0.4 m sec-l.
Hering and Borden (1962), in an investigation which_ clearly indicates
the necessity for dealing with this problem, found prominent diurnal
variations in the mean monthly summer wind field over the central
United States.

Preliminary investigation of the summertime vapor flux did

indeed show the presence of significant differences between the mean
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00 GMT and 12 GMT flux, and a more detailed investigation was then
undertaken. Since the available data consisted almost entirely of ob-
servations at 00 GMT and 12 GMT, the investigation was necessarily
centered on differences between these two observation times. »A limited
amount of data taken 4 times daily was available from Ft. Worth and the
Tinker AFB-Oklahoma City combination, and this allowed a somewhat
more detailed study of these two points. The month of July was chosen
for the most detailed investigation, since .the oscillations have their .

' greatest amplitude during summer,

The total mean water vapor flux at a particular level may be

written:
gV =3V+ gV (8)

gV is evaluated from data obtained once or twice daily; the implica-
tion being that these data give an unbiased estimate of '8" , \¢ » and
z’ v’ . Letus, for the purpose of this discussion, define the following

quantities:

where ( )h —_ =) , the mean '"h'" hour value
N
{( )} = 2:/(_/) " , the mean daily value

¢ )-{¢ )} = ( )*" = departure from the daily mean

(Y- (3 = ¢ = departure from the "h" hour mean
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Z

number of monthly observations at ''h'"" hour

Ay

total number of observations each day

Tre mean monthly vapor flux may then be written:
{@nf= {53} 18947 5" V), ] ©

The bar operator, as stated above, refers to the mean of the obser-
vations taken at 'h'' hour only. If no systematic diurnal variations
exist, the bracket operator becomes superfluous, and the equation is
identical with Eq. (8).

Only small diurnal variations of "3- were found in the July data,
while large diurnal variations were found in the wind. Considering 3‘
as constant throughout the day leads to the following approximation of

Eq. (9):

{Wb} = ?{\Z} - 2?3,\”),} (10)

Furthermore, where diurnal variations were important, the diurnal
variation in the eddy transport was found to be small compared with
the total flux variation. Consequently, the most prominent diurnal

variations are due to diurnal variations in the first term on the right

side of the equation, i.e., they are the result of diurnal variations

in.\Z7
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Some idea of the extent and magnitude of the summertime os-
cillations can be obtained from Figs. 20 and 21, which show the difference
between the 12 GMT and 00 GMT values of &, and Qg during June,
July and August of 1961 and 1962. The details of the oscillation cannot,
of course, be determined from twice daily observations. However,
data from Ft. Worth and Oklahoma City, and the results of Hering and
Borden, indicate the oscillations to be approximately elliptic, with axes
of the same order of magnitude. Thus the vector defined by the com-
ponent maps can be used’as a rough estimate of the amplitude of the
osciilation. Thesevectors are shown in Fig. 22. The magnitude of the
variations ma& be compared with the mean July flux shown in Figs. 8
through 15.

There can be little doubt of the reality of the major features of
Figs. 20 and 21, as 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 un-
representative data for 00 GMT, 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 stations on Fig. 22. These

adjustments produce changes in detail only.
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Analyses of individual monthly maps (not shown here) indicate
the same general pattern south of 45°N, but further north, where the
magnitude of the oscillations are small, the pattern is more variable
from month to month, particularly in the meridional component.

The maps bring out several significant facts. First of all, the
oscillations are by no means limited to the continent proper, but occur
throughout the Caribbean and Gulf of Mexico as well. Except for the
western Caribbean, the characteristic feature over these ocean regions
is a clockwise tgrning of the integrated flux vector, and consequent
increase in northward flux, between OO and 12 GMT. The diurnal change
is particularly pronounced around the western Gulf of Mexico, where
Merida, on the Yucatan Peninsula, consistently shows the greatest
diurnal changes on the map.

The northward flux of moisture across the Gulf coast increases
substantially between 00 and 12 GMT primarily because of these diurnal
changes in the western Gulf of Mexico. This region of increased north-
ward flux extends into the Ohio Valley and lower Great Lakes, but extends
only to 35°N over the western plains.

The diurnal variations of the zonal flux form an interesting
pattern over the United States and southern Canada (Fig. 20). Over

extreme western Canada and the western United States, the eastward
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flux decreases between 00 and 12 GMT, thus giving a relative offshore
flow along the west coast at 12 GMT. 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 extend-
ing northwestward just to the east of the Canadian Rockies. The os-
cillations ovef this region are most pronounced between the Rocky
Mountains and Appalachians, and along the southeast coast. The third
major region is one of increased westward flow at 12 GMT, and ex-
tends westward from Newfoundland through the Great Lakes, Hudson
Bay and northwestward to the vicinity of the Great Slave Laake.

Since we see.thdt
V’@lz err =V Qovamr = V(Rzrmr =~ Qocars)

we are able to evaluate the difference between the mean flux divergence
computed at the two observation times by taking the divergence of the
vector field defined by Figs. 20 and 21. It is apparent from an inspec-
tion of these figures that such differences do exist. A particularly
prominent example can be found in the southern Rocky Mountain region.
West of the Continental Divide, the 12 GMT flux is relatively westward'.

East of the divide, the relative transport is eastward. The meridional
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flux exhibiis no significant gradients in this region. Thus the flux di-
vergence computed from the 00 CUT daiz will be much larger negative
than that computed from the .2 C7uLT data; ccasequently the flux dix}er.-
gence computed from 00 GMT (c.' 12 GMT) data alone will give highly
unsatisfactory results.

The difference between the 12 GMT and 00 GMT mean flux for
the three winter months (Decembef, January, February) is shown in
Figs. 23 and 24. The patterns are much weaker than those found during
summer, but the main features of the summer zonal oscillations zare
still identifiable. The meridional component is similar only south of
30°N.

The characteristics of the diurnal variations of g’f// and \/
at various heights was investigated. Hodographs were plotted for July,
1961 and 1962, fér 77 stations located in southern Canada, the United
States, and in the Guif bf Mexico-Caribbean Sea region.

The important characteristics Qf the J uly oscillationg 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 Fig. 22.

Region A includes most of the Caribbean and eastern Gulf of
Mexico. Typical hodographs for this area are shown in Fig. 40. The

hodograph'for Key West represents conditions in the eastern Guif of

‘.
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Mexico, while the hodographs for 78866 (St. Maarten) and 78897
(Guadeloupe) are typical of most of the Caribbean stations within this
region. The Caribbean hodographs differ mainly in the lowest few
hundred feet, where the flux at Guadeloupe is strongly retarded, while
at St. Maarten the maximum flux is found at the surface. St. Maarten
is a very small island with little relief, so that of the two hodographs
it is probably the more typical of conditions over the open water. On
the larger islaﬁd of Guadeloupe, under normal conditions of westward
flow, the air will have passed over land for more than 20 kilometers
~before reaching the observation point at Pointe a Pitre. There i3, in
addition, a range of mountains not far to the east and southeast of the
station which rise to elevations of over 1000 meters, and which méy
also affect the low level flow.

A comparison of the V and ?_\(7 hodographs for Guadeloupe
and St. Maarten clearly show the dominant effect of the wind in produc-
ing the diurnal flux variations. Furthermore, these variations in the
wind are by no means small when compared with mean monthly values,
nor are they limited to the lower levels, but often extend undiminished
into the upper troposphere. On the other hand, the ?_\? oscillation
decreases with height in response to the decrease in ?’ Thus the

vapor flux oscillations above 850 mb are less important than those in
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the lower layers, but are by no means negligible. The veering of ?‘W
between 00 and 12 GMT, and the accompanying increase in southerly
flow, which is typical of this region, is quite apparent at all three
stations. |

It is of interest to note the relative magnitude of the 00 and 12
GMT surface flux. At St. Maarten the flux was greatest at 12 GMT,
while at Key West, the magnitude was about the same at both observa-
tion times. At Guadeloupe the surface flux was strongest at 00 GMT.
12 GMT corresponds to approximately 0630 local time at Key West, and
to about 0800 local time at the other two stations. As in the case of the
mean flux itself, the low level flux oscillation at St. Maarten may be
most typical of conditions over the surrounding sea. Riehl (1954) has
noted a nocturnal increase in the winds in the lower layers upstream
from Hawaii, with an accompanying lowering of the trade inversion. Thus
the low level diurnal wind changes over the tropical oceans may often be
opposite to those observed over land, where the surface wind speed de-
creases at night in response to the decrease in the downward momentum
flux. |

Over oéean areas, where data is sparse, it is important that
avallable observations be representative of conditions over a broad

surrounding area. Data from small and low isolated islands should
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closely reflect the transport over the open sea. Island stations located
some distance above sea level, or strongly affected by local terrain,
will usually be highly unrepresentative. Caribbean hodographs also sug-
gest that small errors are introduced because of the retardation of the
flow in the lowest levels. The most serious problem in the Caribbean
area arose in connection with the station at Kingston, Jamaica. These
observations are strongly affected by the nearby mountains, particularly
under conditions of northeasterly flow. The scale of the disturbance is
too small to be properly defined by the existing network of stations;
consequently the difficulty in interpreting thé data in terms of the large
scale flux pattern makes this station of little value during the winter
months, when the prevailing flow is 'from the northeast.

Region B consists of an area of northeasterly flow in the western
Caribbean, which is illustrated by the San Andres hodograph (Fig. 41).
The backing of the flux vector from 00 GMT to 12 GMT, at levels
below 700 mb, constitutes the main difference between this hodograph,
and the hodographs of region A, and leads to an increase in the southward
flux at 12 GMT. Comparison of the 3—\7 and V hodographs again
verifies the i'mportance of the wind variation in producing the vapor flux
oscillation., Note the shift from é backing to a veering wind change above

650 mb. Changes of this type, characterized by an opposite diurnal
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turning of the mean flux and wind vectors in the lower and middle ti'opo-
sphere, are also typical of region C. As in the case of St. Maarten, the
surface flux across this small island is stronger in the morning than in
the evening.

Region C includes eastern Mexico, the western Gulf of Mexico,
and most of the United States east of the Continental 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 Cy) are illustrated by
Merida, Fig. 41, and the Brownsville, San Antonio and Oklahoma City
hodographs of Figs. 42 and 43. The diurnal changes which are exhibited
by these hodographs are quite remarkable, and have two distinct charac-
teristics; (1) a region in the lower troposphere in which 3_\&' and V
turn anticyclonically betwéen 00 and 12 GMT, 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 GMT. 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, probably because of the dominance of local effects
in the very lowest levels. The mean low level jet appears to be most

strongly developed in the region extending from the lower Rio Grande
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Valley northward through northeastern Texas and Arkansas. The details
of the oscillation and low level jet cannot be determined south of the Rio
Grande. It is unfortunate that data over Mexico and Central America is
not sufficient to better define the characteristics and areal extent of the
oscillations in this region; however the very large diurnal variations at
Merida indicate that they extend at least as far south as the Yucatan
Peninsula.

Observations taken four times daily by the Oklahoma City (00-12
GMT)-Tinker AFB (06-18 GMT) combination allow one to obtain a better
picture of the behavior of the oscillation in that particular area. These
gtations are only a few miles apart, and at practically the same elevation
(approximately 970 mb). Data wereavailable from Tinker for J une and e
July, 1961, and hodographs for this period, for the four observation
times, are shown in Fig. 43. Also sketched on the figure are the oscil-
lations at the 950, 850 and 800 mb levels. No reasonable curve could be
constructed from the surface observations, possibly because of local
differences between the two stations. Analysis of several months of
winter data indicated the presence, in addition to the diurnal oscillations,
of a systematic difference between the mean monthly winds at the two sta-
tions, which in turn masks the weaker diurnal oscillations above 800 mb.

The flux appears to reach a minimum around 18 GMT (12 LST) or possibly
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a few hours later, and a maximum a little before 06 GMT. The 06 and

18 GMT flux vectors differ primarily in magnitude, while differences
between 00 and 12 GMT are primarily in direction. The difference in

the estimate of /@/ using all 4 observations, and using 00 and 12 GMT
data only, amounts to 130 gm (cm sec)'l. However, this results from the
systematic wind difference between the stations, as well as from the lack
of symmetry of the oscillation.

Perhaps a more reliable estimate of this difference can be made
for Ft. Worth. Wind data for this station for July 1956 and 1957 have
been supplied by the Atmospheric Analysis Branch of ESSA. Winds for
July 1958 have been estimated from Figs. 1 and 2 of Hering and Borden
(1962). Since the eddy term contributes little to the diurnal variation of |

@ at this time of year in this area, we may approximate the varia-
tions by evaluating only the mean term, g _W; . This term was ap-
proximated by using the observed valueé of VZ , and the 5 year mean
July value of %" for the years 1958-1963. The results, shown in Fig.
45 indicate considerable difference in the oscillation from year to year,
in agreement with the findings of Hering and Borden. Mean values of

@‘ , computed from 00 and 12 GMT observations only, and those com-

puted from all four observations, differed in magnitude by about 100 gm

(cm sec)”! in both 1957 and 1958. Errors of this magnitude are sufficient
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to account for much of the error observed in the flux divergence field
over the Great Plains.

I’; is apparent from the W hodographs of region C; that the
mid-troposphere is of relatively minor importance so far as the vapor
flux oscillation is concerned. However, it represents a region in which
the diurnal wind variations are comparable to those in the lower tropo-
sphere. The -\—#_ hodographs can therefore be related to the findings
of Hering and Borden; the low level 12-00 GMT anticyclonic change
corresponding to their low level oscillation, and the upper region of
cyclonic turning corresponding to the mid-tropospheric oscillation.

These same characteristics are found over all of region C, al-
though the boundary between the cyclonic and anticyclonic change’s is
not always as clear cut as in Cj, and the low level jet is not so well
developed. Hodographs from the remainder of region C (Pittsburgh,
North Platte, Charleston, and Nashville) are shown in Fig. 44.

Region Dv includes those stations which exhibit a mixture of the
characteristics of regions A and C. Examples (Jackson, Tampa,
Montgomery and Burrwood) are shown in Fig. 44. A mean 12 GMT low
level jet is found at the northerly stations, but unlike region C this de-
velopment is accompanied by a cyclonic turning of the flux vector. The

southerly stations exhibit the increased 12 GMT southerly flow typical
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of region A, but the hodographs are quite dissimilar in other respects.

Region E includes the area west of the Continental Divide, ex-
clusive of the Pacific coast. The hodographs are strongly influenced by
local conditions, which make it difficult to isolate the significant large
scale featupes. Salt Liake City, Grand Junction, and Tucson, three of
the more extreme examples, are illustrated in Fig. 44.

Stations on the Pacific Coast (region F) exhibit a great deal of
diurnal variability in the lower levels. This is not surprising since the
00 GMT 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 hodographs (Fig. 42). Data from Oakland, and to a lesser ex-
tent from Los Angeles, are not always representative of the general con-
ditions along the California coast during the summer, for as one might
surmise, they often give overestimates of the onshore flow.

It was difficult to find any definite pattern in the diurnal varia-
tions of the hodographs over Canada and the northern United States, since
ir; this region, even in July, the oscillations are quite small. This, to-
gether with the more variable summer conditions, makes it desirable'
to analyze more than two years of data at these northerly latitudes in

order to obtain meaningful results.
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The patterns exhibited by the hodographs of regions A and C
indicate the existence of a strong and well organized diurnal circulation |
system, which is by no means limited to the central United States, but
includes most of the area east of the Rockies and south of 42°N, the
- Gulf of Mexico, and possibly the Caribbean. Some idea of the broad

scale characteristics of this system can be obtained from Figs. 25 and

26. Fig. 25 shows the mean low level departure vector field during July.
The vector is derived from an average of the 900 and 950 mb winds where
the surface pressure is greater than 950 mb; otherwise from the average
of the winds at the first two standard 50 mb levels above the surface.

Fig. 26 shows the mean mid-tropospheric departure vector field derived
frbrn an average of the winds at 500 and 550 mb. The heavy dashed line
on each chart indicates the position of a prominent low level mean stream-
line around the subtropical high, obtained by averaging the 00 and 12 GMT
observations. These maps have counterparts in Figs. 6 and 7‘ of Hering
and Borden (1962). Their data is for July, 1958 and is somewhat scanty,
and limited to the United States. However, where comparisons can be
made, the vectors are usually in excellent agreement.

The characteristic features of the hodographs can now be explained
in terms of the large scale diurnal circulation. The veering of the low

level wind between 00 and 12 GMT in region C is the manifestation of an
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oscillation occurring in the regions bordering the western extension of
the subtropical high. The oscillation results in a pronounced conver-
gence of the low level flow into the region of high pressure at 12 ’GMT.
The limited data of Hering and Borden indicate the 18-06 GMT departure
vectors to be roughly orthogonal to those of 12-00 GMT. Thus the mean
inflow will apparently cease around noon or shortly thereafter, and by
evening the pattern will have reversed, with strong low level divergence
from the high, and convergence in the vicinity of the Rocky Mountains.
By midnight the convergence Will have shifted to the plains, in agreement
with the findings of Curtis and Panofsky (1958). The mid-tropospheric
oscillation is seen to correspond to a compensating flow above a level

of non-divergence. Thus, at 12 GMT we find marked convergence in the
lower troposphere, and marked divergence in the upper troposphere a-
bove the western end of the high. One might also note that region D, in
which the hodographs exhibit mixed characteristics, lies approximately
over the mean position of the axis, or possibly center, of the high.

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 America and the Central American Sea, appear to
be produced by a combination of local and large scale effects. At points

such as Grand Junction, or Los Angeles, the diurnal changes are mostly
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local in nature, although there is some indication of a weak large scale
oscillation (relatively westward at 12Z) over the western United States.
East of the Continental Divide, and south of 420N, the local oscillations
fit into a beautifully organized large scale diurnal circulation pattern.

Wexler (1961) concluded that the behavior of the low level noc-
turnal jet could not be explained solely in terms of local conditions.

This conclusion seems equally valid in regard to the large scale diurnal
circulation patterns. Furthermore, the appearence of related diurnal
oscillations throughout much of the troposphe‘re shows them to be more
than low level boundary layer phenomena. Beéause of the apparent
relationship of these oscillations to the large scale flow pattern over
eastern North America, one would expect changes in the details of the
diurnal circulation from year to year. The data for Ft. Worth, and the
results of flux divergence computations over eastern North Amefica
(See Fig. 91) indicate this to be true.

The complications which these diurnal variations introduce into
any study of the atmospheric vapor flux, or for that matter, in any study
which depends upon the accurate evaluation of atmospheric transport
processes, is quite apparent. The results of this study have implications
for other types of investigations as well. Some investigators have, in the

past, evaluated the atmospheric tidal motions at a single station, or at
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best, at a very few stations, and have then attempted to generalize these
results to world-wide conditions. Such generalization is apparently not
warranted for the troposphere, since even as far south as 12°N, the os-
cillations have markedly different regional characteristics. These oscil-
lations may also have an important influence on any estimates of kinetic
energy generation, which depend upon an accurate evaluation of the term

V. V/&— . Over many areas, this term will change sign in the lower
and middle troposphere during the day because of the highly ageostro-
phic character of the oscillations. As previously noted, these effects
are strongest south of 50°N in summer and are much less of a problem
in winter.

One might speculate concerning the relationship of these oscilla-
tions to the summertime diurnal variations in precipitation over eastern
North America and the Gulf of Mexico. Suffice to say that the results of
this investigation suggest that these oscillations may be related to the
summertime precipitation climatology of a more extensive region than
has previously been suspected. Such relationships certainly deserve

further study.
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IX, THE ATMOSPHERIC WATER BALANCE OF
THE CENTRAL AMERICAN SEA

The ocean areas comprising the Gulf of Mexico and Caribbean
Sea, referred to by Wiist (1964) as the Central American Sea, play a
key role in the waterrbalance and overall climate of much of southern
and e;astern 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 1OON and SOON, 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 most of the outflow is southwestward across Central
America toward the equatorial trough region. Lesser amounts of
moisture cross the mountains of Mexico and the South American coasts
in a direction which varies with the season. The seasonal and inter-
annual variations in the partitioning of this flux, and their relationship
" to the water balance of the surrounding area, is not without interest.
The network of aerological stations in the environs of the Central

American Sea consists primarily of a series of mainland and island
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stations on the periphery of the basins. This network is inadequate if
one wishes to define the details of the flux pattern, but is well suited
for a computation of <'E——TD7 for the entire area, or independently over
the Gulf of Mexico and Caribbean Sea.

The southern portion of this network has been used by Coldn
(1960) in a study of the energy budget of the Caribbean Sea and the over-
lying troposphere. As a part of this study, he obtained estimates of
mean monthly precipitation from independent water balance and heat
balance computations, for December 1956 and January 1957, which
agreed within a factor of 2. The results led Coldn to speculate that
atmospheric water balance computations might well furnish the most
reliable approach to estimates of oceanic precipitation.

The ring of aerological stations is not without its weaknesses,
but some of these are not so serious as they at first appear. The great
distance between stations on the South American coast is not critical if
one uses a latitude circle as the boundary of the basin. The flow will
then be essentially parallel to the boundary, and one need evaluate only
a small normal meridional component. The northern boundary of the
region is well defined; the eastern and northeastern boundaries are
adequately defined during most months, while the western boundaries

give rise to most of the major difficulties. It was necessary to exclude
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the extreme western portion of the Caribbean Sea from consideration,
since it lies outside the ring of aerological stations. The southwestern
and western boundary of the Gulf of M’exico was particularly difficult to
handle because of a maximum in the meridional flux component which
often occurred between Vera Cruz and Merida. In such a region, one
must figuratively ''lift oneself up by’ his bootstraps'' by subjectively ex-
tending the analysis of é—,\ and §¢ from better defined regions in
a way which produées reasonable values and chaﬁges in both the diver-
gence and curl of the flux vector, as well as in the magnitude of the
components themselves. . Nonlinear variations in the flux components
will then often be required for a consistent analysis. In this way, one
is able to put a small and more acceptable error in place of one which
_may be large and possibly ruinous. The divergence estimate will be of
little value locally, but one can be fairly confident that the estimate of
the mean divergence over the much larger region under investigation
will not suffer from a large boundary error in the flux. Adoption of this
technique introduces a surprisingly strong constraint on the analyses,
and may well spell the difference between satisfactory and mediocre
results in areas of sparse data.

The boundaries for the computation, shown in Fig. 77, were

chosen so as to lie near or just within the surrounding ring of stations.
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In addition, they were chosen so that grid point values, previously
tabulated for use in constructing maps of divergence, could be used
for these computations as well. Estimation of the boundary flux from
a 2.5° grid was deemed adequate in the light of the other uncertainties
involved in the computation. No corrections were applied for the land
areas within the boundary, as it was felt that the station data itself was
not sufficiently dense to allow such a distinction to be made. This may
not be entirely true neér the northern boundary of the Gulf of Mexico.

Computations of the flux across the various boundaries, and
the residual mean flux divergence of the area, were made on a mean
monthly basis. No effort was made to compute actual month to month
changes in atmospheric storage. However, some correction for stor-
age change must be made in order to avoid biased values of <—ﬁ>
arising because of normal seasonal changes in <W} in spring and fall.
For this purpose, mean monthly storage changes were estimated from
the two years of data, and these were used to approximate the normal
seasonal changes. This approximation may introduce small errors of
around 1/2 - 1 cm for individual monthly estimates of <E-—_15_> , par-
ticularly during spring and fall, but the error introduced in annual or
semiannual means is insignificant.

Average annual and semiannual values of <E—P> , computed
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for the Caribbean Sea, are shcwn in Table 8, together with two inde-

pendent estimates of this quantity. Foliowing Wist (1963) the year is

divided into a wet summer season (June-November) and a dry winter

season (December-May).

Table 8. Mean annual water balance - Caribbean Sea

Water vapor
balance eguation

Coldn-Mdller
(Wiist, 1964)

Budyko-Drozdov
(Budyko, 1963)

Summer
Jun-Nov
cm/6 mo

<E-P/

25

Winter

Dec-May
cm/6 mo

<E-P,

63

Annual
__cm/yr
<E) <P) <E-B)

91

161 72 89

1 1

1771 85 1

92

lmstimated from isoline analyses of mean annual precipitation and mean

monthly evaporation.

Wiist considered the Col6n-M611er'estimate to be the best avail-

able at the time of his publication.

It is derived from mean monthly

estimates of evaporation by Col6n (1963) and precipitation charts from

Médller's ""Vierteljahrskarten des Niederschlags fur die ganze Erde',

and applies to an elliptic area covering most of the Caribbean, and

corresponding roughly to the area used for the atmosphéric water balance

computation. The evaporation figures were obtained from a computation
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of the heat balance of the Caribbean Sea, in which the heat flux to the
atmosphere was computed as a residual, and the flux of sensible and
latent heat separated by assuming a Bowen ratio of .10. In his esti-
mates of precipitation, Mbller reduced the values at coastal stations
" by around 20% when extrapolating to conditions over the open sea.

The Budyko-Drozdov estimate is based on charts from Budyko's
recently revised '""Atlas of the Heat Balance of the Earth'' (Budyko, 1963).
Precise values cannot be determined since they must be estimated by
interpolation from isolines. Budyko estimates evaporation through the
use of a diffusion equation and, contrary to Mdoller, Drozdov considered
c‘oastal precipitation reports to be typical of conditions over the open
sea. It should be emphasized that this evaporation estimate is obtained
from Budyko's revised atlas, and is around 30 to 40 cm/year higher
than the value given in the previous edition. It is the older estimate
which is quoted by Malkus (1962), Col6n (1963), and Wiist (1964). It is
interesting to note that the Colén-Mdller and Budyko-Drozdov estimates
of <E-P” are in better agreement than the individual estimates of

{E)> and <P ; the higher estimates of precipitation by Drozdov
being offset by Budyko's higher estimates of evaporation.

The extremely close agreement between annual values computed

from the atmospheric water balance equation, and the independent esti-
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mates, must be considered to some extent fortuitous, since we are
comparing estimates of long term mean conditions with values obtained
during a two year period. Large differences in {E-P> were often
computed for comparabie months of this two year period, and even the
annual mean values differed by 11 cm. Conditions over the Gulf of
Mexico were even more variable.

The seasonal values of <E—-?5> estimated by Colén-Mdller
and computed by the vapor balance equation were also in excellent agree-
ment, and suggest a comparison of mean monthly values as well. Fig.
84 shows the mean monthly values of {E-P)> obtained from the vapor
balance equation, together with estimates of mean monthly evaporation
by Coldn and Budyko. Also shown is the difference between the evapo-
ration estimates and <'E_-T3> . Again, one must be rather cautious
in interpreting the last quantity, since the averaging of only 2 years of
data falls short of providing long term monthly means. Nevertheless,
there are indications that the curves bring out the important seasonal
variations of precipitation. First of all, they exhibit the well known
double maxima of precipitation often found in tropical regions. Secondly,
they appear to be consistent with the results of a study by Portig (1965)
in which he investigated the rainfall frequencies from ship observatioﬂs

over an ocean area which included both the Caribbean Sea and Gulf of
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Mexico. Portig found October to be the month of maximum precipitation
frequency in the western and northern portions of the Caribbean Sea,
while the southeastern sections showed frequency maxima in November
and December. A secondary maximum was observed in June over most
of the area. March was the month of lowest frequency, although April
was also very low. The tendency for a secondary minimum in August
was observed over the western and northern portions of the area. Thus,
if one assumes a relationship between precipitation frequency and total
amount (which need not always be the case) the results of the two studies
are in broad agreement. |

Certain details of the derived precipitation curves, such as the
negative values in February, March and August, are obviously not
representative of actual mean conditions. This may be due to errors in

{E-P> or <Ep» , or to abnormal conditions during this two

year period.

The results of the water balance computation for the Gulf of
Mexico, together with mean monthly evaporation estimates of Budyko

(1963) are shown in Fig. 85. Mean annual values are given below.
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Table 9. Mean annual water balance - Gulf of Mexico. Units: cm/yr

<E> <p,> <{E-B)
Budyko-Drozdov 1761 g2l gal
water vapor
balance equation 82

lEstimated from isoline analysis of mean annual precipitation and mean
monthly evaporation.

In contrast to the Caribbean, <ﬁ> shows essentially a
single maximum and minimﬁm, althoﬁgh 'there is some indication of
a min.or maximum in May. The major winter maximum is rather flat,
with values from October through March differing by lless than 4 cm.
The strong increase in <E—-_15> from the‘ minimum in September
to the high value of October coincided with a change in the mean month-
ly meridional flux component from strong southerly to northerly. Inves-
tigation of data from September and October of 1958, 1959, and 1960
indicated that such pronounced changes do not always occur. Consequently
thevOctober values of <E-—P> during this two year period maj be some-
what above normal. |

The derived precipitation curve shows two main features: a
decided minimum in May, and a strong maximum in September. This,
again, is in agreement with Portig's rainfall frequency study.

Fig. 85 also shows estimates for the total Central American Sea,
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again using Budyko's evaporation estimate. The pattern is not so clear
cut when both basins are combined. Spring appears to be the season of
minimum precipitation, while the maximum occurs in fall.

The mean monthly moisture flux across the eastern and western
boundaries of the Central American Sea are shown in Fig. 79, while
Fig. 80 illustrates the flux across the northern and southern boundaries.
The general characteristics of the vertical distribution of the influx from
the Atlantic can be obtained from the cross sections along 80°W (Figs.
33 and 35). 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 boundary between easterly and westerly flow at
the surface is found just south of 30°N in both January and July. How-
ever, this boundary shifts southward during the winter in the Gulf of
Mexico, with the displacement iﬁcreasing 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, how-
ever, the vertically integrated flux in the southern portion of the basin
is directed westward.

The Caribbean Sea shows a strong inflow from the east during
the entire year. This flow exhibits a double maximum; the more in-

tense one occurring in July and a much weaker maximum occuring in
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December or January. The July maximum coincides with the occurrence
of high values of B" , and is associated with anorthward flux component.
The winter maximum coincides with near minimum values of B’ , high
values of evaporation, and a southward flux component. Figs. 33 and

35 indicate no essential difference in the vertical flux distribution at the
time of the two maxima, and one must conclude that 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.

The flux across the zonal boundaries has some interesting features.
Looking first at the southern boundary of the Caribbean, one notes a sea-
sonal shift in direction; northward from May through October, and south-
ward during the remainder of the year. The peak northward flux, which
closely coincides with the two computed Caribbean precipitation maxima,
occurs in June and September. Since the flux along this boqndary is quasi-
zonal, the moisture crossing from the south must normally be of recent
Atlantic origin, having had only a short trajectory across the extreme
northern portions of Venezuela. In winter, the west-southwestward
flux across the Venezuelan Coast is ultimately blocked by the Cordillera
de Merida east and sou‘theast of the Maracaibo Basin. This inflow thl;S~

'

represents a moisture source for the wintertime precipitation on the
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easter: slopes of these mountains.

A strong seasonal change Is also noted in the magnitude of the
northward flux aéross the southern boundary_of the Gulf of Mexico. With
the exception of October, the flux is always from {he south, but as pre-
viously noted,' October 1961 and 1962 may not be représentativé of normal
conditions. There Iis still some indication of tbe twin maxima found on
the South American coast, aithough the June maximum is dominant. Two
years of data are probably not sufficient to establish the reality of the weak-
er maximum.

The transport across the northern boundary of the Gulf of Mexico
- shows the least seasonal Variation, although a maximum northward flux
appears in spring, and a minimum in late summer or fall. The values
for September may be affected by the occurrence of hurricane Carla,
which struck the Texas coast in September 1961. A sharp minimum of
northward flux is agaiﬁ observed iﬂ October. One should not equate the
ﬂux é.cross this béundary, 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 Gﬁlf of
Mexico ultimately enters the United States between 97, 5°W and the Rocky

Mountains. - This is quite apparent from Fig. 27.

Since there are no stations over Central America north of the



Canal Zone, nor are there any staticns in the eastern Pacific, one can-
not directly measure the moisture transported from the Caribbean Sea
to the Pacific. It is possible, however, through continuity considera-
tions, to make a good estimate of this quan’city.

The total annual outflow of moisture across the western boundary

[@]]

of the Caribbean between 10°N and 20°N is approximately 8.2 x 10°° kg.
Adding to this the outflow across the eastern part of the Isthmus of
Panama (1.5 x 101° kg), which is included as part of the southern tound-

ary, gives a total outflow of 9.7 x 1010

kg. Most of the inflow to the Gulf
of Mexico west of 85°W (1.1 x 1015 kg) is derived from this Caribbean
outflow, &nd, tbge‘cher with the losses over Central America and the
western Caribbean, must be subtracted from the above figure. The losses
over Central America are of course, unknown, but a reasonable estimate
will be satisfactory. Budyko (1963) indicates a value for <E-P) for

this region of -100 to -150 cm yr~ I,

This amounts to a loss of 1 - 2 x
1015 kg/yr over the area. Thus the net annual moisture flow from the
Caribbean to the Pacific must be around 6.5 - 7.5 x 1015 kg, appro;(imately
equal to the‘ inflow to the Caribbean from the Atlantic.

The variability in the monthly and annual values of the flux and

flux divergence has previously been noted. The values of the total annual

flux divergence for the two years investigated is shown below.
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Table 10. Annual water vapor flux divergence. Units: cm/yr.

May '61-April '62 May '62-April '63
Gulf of Mexico +66 +99
Caribbean Sea +85 +96

The variability in the mean annual flux is illustrated in Table 11,
which shows the average 00 GMT mean annual flux for 10 stations in the

Caribbean Sea and southern Gulf of Mexico during a 5 year period.

Table 11. Mean annual vertically integrated water vapor flux. 1
Units: gm (cm sec)~1

Year (May - April)
1958-59 1959-60 1960-61 1961-62 1962-63 5 yr mean

-2355 -2073 -2053 -2101 -1844 -2085
145 131 212 69 -289 54

1Aver‘age for the following stations: 76644, 78383, 78397, (78467-78486),
78501, 78526, 78866, 78897, 78988, 80001.

Apparently the interannual variability of these tropospheric circu-
lation statistics is quite significant in the tropics, even when averaged

over regions as large as the Central American Sea.
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X. THE WATER BALANCE OVER NORTH AMERICA
A. Introduction

Acegquate aefological data are availabie for an investigation of
the large scale aimospheric water balance of the contiguous United States,
Alaska and Canada. In addition, the streamflow data which are available
for the United States, a large part of southern Canada, and portions of

- -
laska, allow a computation of surface and subsurface storage changes
in this area.

The fi‘rst section of this chapter will be devoted to a brief de-
scriptionof some of the features of the continental water balance. This
will be followed by a discussion of the water balance of the northern
portion of the continent. The major part of the chapter will then be
devoted to a more comprehensive discussion of the atmospheric and |
terrestrial water balance of the .United States and southern Canada, and

the various subdivisions of this area shown in Fig. 77. The nomencla-

ture of Fig. 77 will be used throughout this chapter.

B. North American Water Balance
Mean‘monthly values of <P-—E> , éomputed irom the water
vapor balance equation for an area of 170 x 10° km? north of the United

States - Mexican border (see Fig. 77; are shown in Fig 83. We have
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reversed the order of E and P in this expression from that previously
~used in order to obtain a normally positive quantity over land. The
corrections of <V @} for atmospheric storage changes were computed
from aerological data over the United States, apd estimated over Canada
and Alaska.

With the possible exception of midsummer, this portion of the
continent acts as a sink for atmospheric water vapor. The sink is,
however, much weaker than the source over the Central American Sea,
where mean monthly values of <E-P> exceedirig 10 cm were often
computed, and where mean annual values had magnitudes almost 4
times those found over the continent.

The mean annual values of _<17-_I_ﬂ> differed by only 1.1 centi-
meters (+23.1 and +24. 2 cm) during these two years. Previous compu-
tations for approximately the same area have indicated values of +19 cm
for 1950 (Lufkin 1957) and +18 cm for 1949 (Benton and Estoque, 1954).
The earlier computations are probably somewhat less reliable because
of lack of data, but the agreement between the four values is still quite
good.

The total vapor flux divergence over the large watershed regions
of the continent is of some interest. Annual values of these quantities

have been estimated from the grid point values of divergence shown in
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Fig. 74 and are given in the following table.

Table 12. Total annual flux divergence over the major watershed areas
of North America. May 1961-April 1963. Units: 1013 kg yr‘l.

Area
Arctic Ocean and Bering Sea Drainage 120
Hudson Bay Drainage 75
Hudson Bay Drainage and Hudson Bay 105
Atlantic Drainage (30. 0°N-62. 5°N) - 85
Pacific Drainage (North of 32. 50N) 130

Gulf of Mexico Drainage (North of Rio Grande) 75

The above values include the divergence computed over those
peripheral continental areas outside the basic area previously discussed.
The computed divergence over these peripheral areas is not as well de-
fined by the data, and is therefore more subject to error than values
over the remainder of the continent.

It is doubtful whether the network of stations surrounding Hudson
Béy is sufficient to sharply define any gradients between the bay and the
surrounding land areas. Furthermore, there are indications of a sum-
mertime diurnal variation in the flux dive.rgence over the bay which may
not be adequately described by twice daily observations. For these
reasons, the total convergence over Hudson Bay may be somewhat too

large, and that over the Hudson Bay Drainage Area somewhat too small.
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Streamflow from all but the coastal regions of the Gulf of Mexico
Drainage Area averaged 70 x 1013 kg yr'l during this two year period,
= value close to the computed water vapor convergence into the area. One
might compare this figure with the average annual value of LE-P>
computed over the Gulf (133 x 1013 kg yr~1). Apparently well over
half of the water lost from the Gulf of Mexico by excess evaporation is
returned again by surface streamflow.
| The following latitudionally averaged values of water vapor in-
fiow were obt;ained for the continent. |

-

Table 13. Total annual inflow of water vapor to North America (north
of United States-Mexican Border). Units: 1013 kg yr-1,

Latitude (ON) mass (1013 kg yr-1) average depth (cm)
65-70 : 35.6 22
60~-65 111.4 45
55-60 : 87.4 35
50-55 74. 4 28
45-50 59.7 23
40-45 - ' 48. 9 20
35-40 : 16.6 7
30-35 46, 3 23

The large values of convergence computed in the 55-65°N latitude

kand account for the relatively high values of convergence computed over
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The Bering Sea, Hudson Bay, and Arctic Drainage Areas. Individual
values between 30°N-50°N may be slightly in error; the result of system-
atic errors in the divergence computations. These errors will be dis-

cussed in Chapter XIII.

C. Northern North America
1. Water balance

The water balance of the area extending from the Arctic coast
southward to around 55°N in western Canada and 50°N in eastern Canada,
and including Hudson Bay, will now be considered.

The monthly march of £{P-E)> is shown in Fig. 86. These valuesl
were obtained by adjusting <V@> for average monthly changes 1n<\—A'7>
It is unlikely that monthly errors‘ exceeding 0.5 cm will arise because of
this approximation.

The water balance computations result in mean annual values of

<1'3--I§> of +27.8 and +32.8 cm. -Scattered streamflow data from thé
area indicate that runoff during the second year was probably above
normal; consequently 4 P_—_E_7 may also have been above normal during
that period. The value of <13:-I§> is noticably. affected by the location
of the western bounldary. of the area, since the Pacific coastal areas

make a large contribution to the total divergence.
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The seasonal variation of <15_-'E) has the same general features
during each of the two years: a major maximum in late summer or early
fall; a minimum during spring and early summer, and a possible minor
maximum in March. The basic difference between this northern land
area and the tropical ocean areas previously discussed are apparent.
Mean monthly evapotranspiration never exceeded precipitation over the
land area, while the reverée was true over the Central American Sea.

The small amount of streamflow data available to the author, all
from the western third of the area, lends support to the computed increase
in <ﬁ7 during the second year. Annual runoff from the Yukon
Basin above Kaltag, Alaska, averaged 24.5 cm the first year; 32. 7 the
second. Runoff over much of the Alaska i:)anhandle during the winfer of
1962-63 was excessive. Streamflow figures available for the MacKenzie
River atNorman Wells, N. W, T, for' the months of October through March
of 1961-62 and 1962-63 showed a mean increase in flow of 40% during the
second year. In addition, the occurrence of record flows in July 1963
suggests that spring storage in the basin was above normal. Runoff
from the Churchill River was also higher during the second year. These
basins comprise about one-third of the total aréa under consideratiqn.

2. Vapor flux

The mean monthly moisture flux across the boundaries of the



-99-

region is illustrated in Fig. 81. Mean annual values are shown in Fig. 78.
The mean annual flux across the northern boundary was directed into the
Arctic Ocean, but was quite small. Itis, of course, of local importance,
but was of significance to the large scale water balance of the area only
during July and possibly in August. The mean flux across the west coast
of Alaska was also of minor importance to the annual balance of the total
area, amounting to only 10% of <13-:E-)7 . However, it was of some
importance on a mean monthly basis during the summer months.

Taken together, the flux across the Arctic and western Alaskan
boundaries was of even less importance to the computation. This is due
to the fact that much of the summertime flow which crosses the western
Alaskan Coast from the southwest leaves the area again through thé
Arctic boundary. Thus, the mean water balance of this area was essen-
tially determined by the flux across the Pacific, southern and Atlantic
boundaries.

Some idea of the vertical distribution of the Pacific inflow can be
obtained from Figs. 36 and 38. 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,
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one month after the maximum on the western Alaskan coast. This flux
maximum apparently continues to migrate southward during the winter.
The maxima along the California coast occurred in February, 1962 and
April, 1963, which coincided with the two months of heaviest precipita-
tion in that area. Thus, the movement of the local flux maximum down
the entire western Alaskan and Pacific coasts appears to coincide with
the seasonal southward shift of the local precipitation maximum, and,
like the local precipitation maximum, does not appear to return north-
ward in spring. One must be cautious in relating these changes in
precipitation directly to the changes in vapor flux; for it may be argued
that both are the result of the southward shift of cyclonic activity.

The vertipal structure of the Atlantic outflow can be implied
from Figs. 33 and 35. This region lies north of the main belt of east-
ward transport during the entire year. A westward transport into the
continent is found north of 60°N during the winter, possibly the result
of westward flow on the northern side of the intense oceanic low pres-
sure areas. The maximum eastward ﬁux is again found in August.

The inflow across the southern boundary followed a seasonal pat-
tern similar to that of the Atlantic outflow. The northward low level
eddy flux from the Gulf of Mexico, which is strongest during summer,

accounts for a significant portion of the mean annual inflow through this
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boundary.

D. United States and Southern Canada
1. Introduction

An accurate evaluation of surface and subsurface storage changes
over the northern sections of the continent is precluded by inadequate
streamflow data. However, over the United States and portions of southern
Canada data are sufficient for a more comprehensive investigation of the
atmospheric and terrestrial water balances.

The region chosen for study, shown in Fig. 77, comprises an
area of 86.5 x 10° km 2 from which all streamflow is measured. The
average characteristics of the entire area were first investigated. This
was followed by studies of progressively smaller subdivisions. The in-
vestigations were primarily concerned with the evaluation of surface and
subsurface storage changes; however, precipitation was estimated for the
entire area, and individually for the eastern and western portions of the
area, in order to obtain estimates of evapotranspiration.

2. Vapor flux

The characteristics of the flux over this area, and across its

boundaries, are illustrated by the maps and cross sections appearing in

Figs. 8 through 38. We shall briefly note the more important features
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of the flux field.

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 previously noted, this appears as a diffuse,
high level inflow on mean monthly charts, particularly in the region east
of the Continental Divide.

Charts from Peixoto and Crisi (1965), and additional cross sections
(not shown here) show that the mean total flux through the northern bound-
ary, between the Appalachian 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 by tne cross
sections along 30.0-32,.5°N (Figs. 38-40). The difference between the
January and July inflow, as well as the summertime diurnal variations, is
quite pronounced. Additional cross sections (not shown here) and previous
studies have established the January inflow to be primarily an eddy trans- ‘
port, while the Julyv inflow is due primarily to transport by the mean
monthly wind. The strong and persistent northward flux in summer
around the western end of the subtropical high results in a concentrated
region of intense inflow over Texas. The strong influence of this low
level moisture influx on the water balance of eastern North America is

well known.
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A rather surprising secondary maximum in the summertime
northward moisture transport is found at the northern end of the Gulf of
California. In the lower levels, this moisture almost certainly moves
northward from the Gulf of California. Even at levels above the height
of the Rocky Mountains and the Sierra Madre Occidental, hodographs
show the mean summertime inflow to be from the southeast to south-

southeast, i. e., the inflow appears to be primarily up the Gulf of California.
The high salinity of the warm waters of the Gulf of California (Sverdrup,
Johnson and Fleming, 1942) suggests that this body of water, although
small, may contribute signi\ﬁcantly to the inflow. For example, the
average July northward flux at the northern end of the Gulf of California,
below 800 mb, was around 107 kg sec™l. This would be equivalent to

the water vapor supplied to the atmosphere from the Gulf of California

if, on the average, mean monthly evaporation exceeded precipitation by

15 cm. Actual summertime values of <E_:f’7 over the Gulf of Califor-
nia may well reach a sizable fraction of this amount.

The southeastward inflow through the northern and western bound-
aries, and the northward inflow from the Gulf of Mexico, which appear as
two distinct currents on the mean monthly cross sections at 100°W (Fig.
39), merge into a single maximum at 80°W (Figs. 33 and 35). The coé'e

of this current is at a significantly higher elevation than that of the inflow
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from the Gulf of Mexico; in part a consequence of lifting as this moisture
moves northeastward.

The total vertically integrated mean monthly flux across various
portions of the boundary is illustrated in Figs. 82 and 83. Separate
values for 00 GMT and 12 GMT have been shown in order to illustrate
the effects of the diurnal flux variation. Mean annual values are shown
in Fig. 78.

The most pronounced differences between 00 GMT and 12 GMT
are found in summer along the eastern, western and Gulf coast bound-
‘aries. No significant systematic differences are apparent in the avérage
for the northern boundary. Estimates of the flow across the Continental

‘Divide indicate the eastward flux to be slightly stronger at 00 GMT.

The mean flux divergence over the area also shows a marked
diurnal variation, produced primarily by a lack of balance between in-
creased 12 GMT Gulf Coast inflow, increased 12 GMT east coast outflow,
and decreased 12 GMT west coast inflow. The magnitude, and the sign
of this imbalance changed throughout the year, resulting in lower values
of divergence at 12 GMT from January through June, much higher values
from June through September, and little difference from October through
December. Variations during comparable months of the two year period
differed considerably, sometimes even in sign. Thus, this pattern may

not be representative of long term mean conditions.
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It has previously been ncted that diurnal variatipns in %" are
usually quite small. This is illustrated by the fact that the summertime
(June-August) values of W. over this area showed an average in-
crease from 00 GMT to 12 GMT of only .02 cm. However, the spatial
distribution of the changes was fairly coherent. Increases were limited
to the region of strong inflow ovef the southern plains, the southern
Rockies, and scattered stations in the southwest and along the Pacific
‘coast. Small decreases, generally less than .10 cm, were observed
at almost all other stations.

These changes are the net result of diurnal variations in vapor
flux, precipitation, and evapotranspiration. Diurnal flux variations pro-
duce a diurnal variation in W which is difficult to estimate from
only twice daily observations. However, the 12-00 GMT difference in
the flux divergence suggests that the variation in W due to this
effect alone is probabl& less than .05 cm, although it may rise to higher
values locally ovef the mid-continent. - Diurnal changeé in evapotrans-
piration will contribute toward higher values of W at 00 GMT. Be-
cause of differences in local time, the changes between 00 GMT and 12
GMT will be most pronounced in the eastern portion of the area. Assum-
ing a mean summertime évapotranspiration rate of around 7 cm/mo for

the total area (a value consistent with results discussed later in this
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chapter), and assuming that 5 to 6 cm of this amount is lost between 12
and 00 GMT, gives a diurnal change in W  of between .10 and .17
cm from this effect alone. Summertime precipitation decreases at night
over the area as a whole (although there are notable local exceptions).
This partially offsets the effect of the decreased nocturnal evapotrans-
piration. Thus, of these three factors, it appears that diurnal changes
in evapotranspiration will be most effective in producing diurnal varia-
tion in w

The irregular variation of the mean monthly flux through the
boundaries indicates that a longer period of record is needed in order
to firmly establish the important features of the seasonal pattern. For
example, it would be of interest to establish whether the sharp drop in
transport across the Gulf coaét in August, which occurred during each
of the two years studied, is typical for this month.

The total annual flux across the boundaries and the average flux

divergence over the entire area are shown in the following table:
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Table 14. Total annual mean flux and flux divergence for the United
States and southern Canada. Units: 1013 kg/yr.

Time (GMT) 1961-62 1962-63
West Coast inflow 00 471 482
12 392 432 415 448
Southwest inflow 00 ' 70 74
12 6a 67 72 13
Gulf of Mexico inflow 00 418 329
12 498 498 429 379
Atlantic outflow 00 604 616
12 6oz 648 636 626
Northern outflow 00 140 149
12 151 146 128 138
_ 00 | 215 120
- 12 111 16 152 !

Year to year variations in the predominantly zonal inflow and out-
flow were small during this two year period, but changes in the flux di-
vergence, and in the meridional flux from the Gulf of Mexico were signifi-
cant.
3. Water balance
Neglecting groundwater outflow in comparison with surface out-
flow and storage changes leaves only storage terms as unknown in the

balance equation. The change in atmospheric storage from the beginning
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to the end of each month can be obtained, leaving only the surface and
subsurface storage changes to be evaluated.
Mean monthly values <P-E, , <RO/ , and £Sy> are

shown in Fig. 87. Annual values are given below.

Table 15. United States and southern Canada. Area = 86.5 x 105 kmz.
Units: cm yr‘l.

May '61-April "62 May '62-April '63
{P-Ey 18. 8 16.0
<RO” 20. 6 15,17
{As> -1.8 +0.3

These values represent an average for an area over which mean
annual precipitation varies from less than 15 cm to over 250 cm, and
mean annual runoff varies from zero to over 100 cm (Miller, Geraghty,
and Collins, 1963). The seasons of highest and lowest flow differ locally,
but for the area as a whole the maximum outflow occurred in spring and
the minimum in the fall. Mean monthly runoff ranged from 0. 8 to 2.6
cm during the two years investigated.

The pattern of wintertime streamflow was considerably different
in each of the two years. Marked increases over the fall minimum were
observed during the first year, while little or no recovery took place

during the second year. The relatively low flow during the second winter
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was primarily the result of unusually cold and dry conditions over the
eastern part of the continent.

{E-P” shows a more irregular pattern, and greater seasonal
changes, than does the streamflow. Maximum values occur during the
. winter, minimum values during the summer. In contrast to the northern
sections of the continent, where precipitation exceeded evapotranspira-
tion throughout fhe year, one finds an excess of evapotranspiration during
the three summer months.

Since the difference between <P-E” and <ROp changes
sign from winter to summer, there must be an accumulation of watér
over the continent during the late fall, winter, and early spring, which
is losf again during the warmer months of the year. The computed sea-
sonal change in storage is also shown in Fig. 87. Storage was arbitrarily
assumed zero on May 1, 1961, so values indicgte the total storage change
from that date. This, to the author's knowledge, is the first attempt to
compute storage changes directly from actual measurements of the re-
maining terms of the balance equation.

The characteristics of the computed seasonal sforage change agree
well with what is know of this quantity. Soil moisture, as well as the
water table, reach their highest values over most of the area in spring,

and surface storage in the form of snow reaches a maximum in late winter
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and early spring. Late spring and summer mark a period of high evapo-
transpiration and decrease in storage. The lowest values of soil moisture,
water table, and streamflow most often occur in the early fall, and for
this reason hydrologists have found it convénient to begin the so-called
water year on October 1.

Surface and subsurface hydrologic data alone are not adequate to
determine the amplitude of these seasonal changes, but Van Hylckama
(1956) has estimated the storage over the continents using the empirical
techniques of Thornthwaite. Mean monthly values were computed for
the land area within each 10° x 10° region of the earth. The average
monthly storage changes for a combination of areas which approximates
the United States and southern Canada (30 - 50°N, 70 - 130°W plus 50 -
6OON, 100 -100°W) was computed from his data, and is shown along with
the results of this investigation, in Flg 88. Van Hylckama's estimates
were taken to represent storage on the 15th of each month.

The two curves are nearly in phase, although the maximum and
minimum values computed by the water vapor balance equation appear to
lag those of Van Hylckama by about half a month. However, the amplitude
of the annual variations differs by more than a factor of two. A system-
atic underestimation of the moisture flux, and consequent underestimation

of flux divergence might be suggested as a possible reason for this
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difference, but since the mean annual flux divergence over the area is
negative, this would lead to a sizable systematic overestimation of the
storage loss. Such does not appear to be the case, since only a small
net storage change was computed during the two year period. A flux
error which varies systematically throughout- the year could also pro-
duce erroneous values of seasonal storage change, and still give correct
year to year changes. As was shown in Chapter VI, this type of error
can arise if the vertically integrated flux does not include the contribu-
tion from the layers above 500 mb. This, however, is not a factor in
the present investigation, since all available data up to 200 mb was used.

Since the amplitude of the annual storage curve was not very
different during each of the two years, it seems probable that these re-
sults are a reasonable estimate of the long term mean seasonal storage
changes. The excessive amplitude obtained by Van Hylckama may be
due, at least in part, to the tendency for the Thornthwaite method to
4undercompute wintertime evapotranspiration and runoff, which in turn,
requires the excess storage to be disposed of in summer. This appears
to be accomplished by an overcomputation of summertime evapotrans-
) piration.

Because of the difference in the land area of the Northern and
Southern Hemispﬁere, these seasonal changes in storage represent a sub-

stantial seasonal shift of water from the oceans to the continents. Conse-
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quently, the total water content of the oceans is lowest in March and
highest in October (Donn, Patullo, Shaw, 1964). The difference repre-
sents only a small change in mean sea level and is thus difficult to
estimate. Van Hylckama (1956) cites a calculation by Munk, using tidal
gage data, which showed an oceanic storage change from March to Octo-
ber of .50 x 101° gm (1.4 cm). Van Hylckama, himself, computes a
change of .75 x 1019 gm (2.10 cm). However, on the basis of the com-
parison of his computed storage changes with the results from the vapor
balance equation, one would expect his figure to be too high. The per-
centage overestimation at low latitudes is likely to be less than that
indicated over the United States and southern Canada, since wintertime
undercomputation of E would probably be less of a factor. Thus
the percentage overcomputation for the total land area of ‘the earth may
not be as great as it appears to be over the United States and southern
Canada. In any case, the estimate of Munk appears to be the better one.
No attempt was made to compute the average monthly ‘measured
precipitation over the area directly from precipitation reports, primarily
because of the time required to tabulate these data for such a large area
(even using climatological zonal averages).v However, there is available
a tabulation of the total areas bounded by certain isohyets during each
month of the year.s 1961-62, for the United States and Canada south of

49°N and west of the northern tip of Maine (LaRue and Younkin, 1963).
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These data can be used to obtain an estimate of the total precipitation
volume. LaRue and Younkin computed the monthly precipitation volumes
during 1961, but computed only the annual volume for 1962. In order to
compute monthly precipitation volume during the second year, the fol-
lowing assumptions were made: (1) except for a minor amount of smooth-
ing, the weight assigned to each isohyetal interval, when converting
interval area to precipitation volume, was the same as that for the cor-
responding month of 1961. (2) Since no value was given for the .01 -
. 50 inch isohyetal interval, its monthly volume contribution was deter-
mined in the same way that LaRue and Younkin determined the annual
contribution; by assuming the same ratio between the .01 - .50 and .50 -
1. 00 intervals as was measured during the comparable month of 1961.

The area over which <—15-—_]_3> has been computed includes por-
tions of Canada not included in the tabulation of L.aRue and Younkin, and
does not include the immediate coastal region of the United States. In
order to compare regions which more nearly coincide, the Nelson River
Basin was excluded from the divergence computation.

The estimates of <-15> are shown in Fig. 89, together with
values of <E, ) obtained by subtracting <{P-E ) . The approxima-
tions involved in the estimation of (15 ) , and the lack of coincidence

of the two areas undoubtedly leads to some errors; however, only the
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value of (]-3-7 for February, 1962 appears to be considerably out of
line. Careful checking indicated no errors in the computations and
analyses for that month. Therefore, it is believed unlikely that there
was any major error in the evaluation of the flux divergence.

In order to more clearly determine the reason for the unusual
value of <i"7 , the average precipitation over the actual area used
for the divergence computation was estimated, for this month only, from
isohyetal analyses in the state climatological summaries. This compu-
tvation gave a value of 5.8 cm for <§) , a little more than a cm higher
than the estimate obtained from the data of L.aRue and Younkin. Compu-
tations for subdivisions of the area indicated quite reasonable values of

{E) over the eastern two-thirds of the area, but practically no

evapotranspiration was computed fof the area west of the Continental
Divide. The heaviest monthly precipitation in the Western Region during
this period occurred in February, 1962. Snow was particularly heavy.
Since it is under these conditions, and in this type of terraiﬁ, that
precipitation will most likely be seriously underestimated, it may be
that actual precipitation during this month was considerably more than
measured, which in turn would lead to higher computed values of <'E_:7

The highest values of evapotranspiration, around 8 cm/mo, are

computed in June during both years. Wintertime values appear to range
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around 1 - 2 cm/mo. The particularly sharp drop from September to
October, observed during both years, may be due to the decrease in
transpiration at the end of the growing season.

The relative loss of water by evapotranspiration and runoff is of

some interest. We may define a runoff coefficient:

[ = <7 >
o RS> +<ED

which expresses the percent of the total loss due to runoff. Monthly
values of CR were computed for the 20 month period for which rain-
fall estimates are available, and are shown in Fig. 89. Runoff repre-
sented more than 50% of the total loss only during February and March,
but this value fell to less than 20% during the summer and early fall.
Values of CR for the period May-December were consistently lower
during the second year; the result of both lower streamflow and higher

computed evapotranspiration.

E. Central Plains and Eastern Region - Water Balance
A water balance computation was made for that portion of the
United States and southern Canada east of the Continental Divide. Results

are shown in Fig. 91, and annual values are given below:
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Table 16. Central Plains and Eastern Region. Area = 64 x 10° km2.
Units: cm yr-1,

May 1961-April 1962 May 1962-April 1963
<{P-E> 16. 4 15.0
<{RO> 22. 4 15. 4
<a s> -6.0 -0.4

Computed storage losses over this area occurred primarily
during the first year. Further subdivision of the area indicated that
most of first year losses occurred in the western fwo—thirds of the area.

During the second year, computed increases in storage in the western
half of the area compensated for heavy losses in the east.

Since a well organized pattern of diurnal wind variations exists
over eastern North America, it is of interest to examine the diurnal
variations in the flux divergence over this region. Mean monthly values
of flux divergence for 00 and 12 GMT, for each of the 24 months, are
shown in the lower portion of Fig. 91. Differences between 00 and 12
GMT showed no particular pattern during most of the period; however
during the summer and early fall of 1962 the 00 GMT divergence greatly
exceeded that at 12 GMT. The marked difference between this period,
and the comparable period in 1961, aéain shows that substantiai year to
year variations can be expected in the patterns of diurnal variation.

These results, and the annual results previously given for the United States
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and southern Canada, well illustrate the difficulty of estimating the flux

divergence from single daily observations.

F. Western Region - Water Balance
This region consists of that portion of the United States and
southern Canada west of the Continental Divide.

Monthly values of <P-E) , 4RO, and {S> are shown

in Fig. 90. Mean annual values are given in the following table. .

Table 17. Western Region. Area = 22.4 x 109 kmz., Units: cm yr'l.

May 1961-April 1962 May 1962-April 1963
<____'f>‘-E> 25, 2 18.2
<RO? 15.2 16.3
{as> +10.0 +1.9

The computed storage changes shown in Fig. 90 exhibit the
expected seasonal variations. A rather sharp minimum is reached at
the end of September, while the maximum occurs sometime between
early April and late May. The amplitude of the seasonal variation is
difficult to determine because of the substantial net storage change com-
puted during the ‘first year, but may be estimated at about 12 cm.

Although larger average year to year storage changes can be
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expected when smaller areas are investigated, the computed change over

this region during the first year is so large that one might question its

reality. A check of the climatological records for the area for the per;iods

January-April 1961 and January-April 1962 indicates the period preceeding

May 1, 1961 to have been abnormally dry, while precipitation during the

period prior to May 1, 1962 was well above normal. This is well illus-

trated by the following remarks from the Climatological Data-National

Summary.

January, 1961 --- "Snowpack in the western mountains remained below
normal ... in the far west temperatures generally averaged well
above normal ... warmest January on record at San Diego and
Los Angeles ... second warmest in Seattle .... in most of the
area between the Cascade and Sierra Nevada Mountains and the
Appalachians, precipitation was less than 50% of normal"".

February, 1961 --- ""Mild and dry in western half of the nation .. pre-
cipitation less than 50% of normal in north central Montana, and
the far southwest ... Phoenix and Prescott, Arizona driest
February since 1924 ... San Francisco driest February in 38
years ... Santa Maria, Calif. driest since 1900 ... Grand Junction,
Colorado 11th conseéutive month with below nérmal precipitation ...

precipitation 200% of normal over Washington and portions of
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extreme northern Idaho and Oregon .... snowfall unusually light
in far west ... in much of far west the mountain snowpack at the
end of the month was less than 50% of normal'".

March, 1961 --- '"'precipitation above normal in Washington and Oregon ...
in much of California, Nevada and Utah, where winter precipita-
tion was less than 50% of normal, the irrigation water outlook
for the coming season was very unfavorable ... in the far west
heavy snowfall substantially increased the mountain snowpack in
Utah, Colorado and New Mexico, but it still remained below nor-
mal, except near normal in New Mexico ... pack about normal
in Washington but below normal in other western states ... in
California the pack is only 30% of normal in the extreme southern
Sierras, 50% of normal in the Central Sierras, and about normal
or above in some northern areas''

April, 1961 --- "drought conditions continued in the Great Basin and far
southwest ... precipitation in Las Vegas, Nevada for January-
April only 47% of normal ... April snowfall in west was not heavy
enough to raise the mountain snowpack to average levels, and the
water content of the pack remained below normal in most areas.
The pack was average or above mainly in the northern areas."

In contrast, the following are comments from the records for February

through April, 1962,
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February, 1962 --- "snowfall was unusually heavy in the far west ...
heavy precipitation included most of California, Nevada, Utah and
western Colorado ... one of the wettest Februarys in California
since 1850 ... Reno, Nevada had 4th greatest total for February
since 1870 ... heavy precipitation ended a three year drought in
California ... boosted water supply outlook to normal or above
in all areas of the state, and greatly improved outlook in remain-
der of far west, except in Washington and Oregon''.

March, 1962 --- ' above normal precipitation in most of the far west
further improved the irrigation water outlook there ... Far
west mountain snowpack was generally much above normal at the
end of the month ... Winslow, Arizoha reported record snowfall
for the month; Pocatello heaviest since 1916. Ely, Nevada had
15. 0 inches for the month, unusually heavy for that location.

Salt Lake City had more than 3 times the usual amount ... Spokane,
Washington had greatest Marclr; total since 1897. "

April,v 1962 --- ""Moderate to heavy precipitation in the Pacific Northwest
and northern Rockies ... dry conditions over the far southwest ...
snowfall totals were generally below normal in the far west ...
however, the snowpack at higher elevations is still generally near

normal in the Pacific Northwest, except in portions of Washington
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and Oregon, -and above normal in the middle and southern =Rockies,
and in the far southwest. At low and intermediate elevations,
however, snow cover was generally depleted by above normal
warmth, resulting in wet mountain soils, and generally higk;
rivers."

From these comments it appears that a significant increase in

storage may well have taken place between May 1, 1961 and May 1, 1962,

G. Central Plains Region - Water Balance

This region consistsofthe Mississippi Basin exclusive of the
Ohio Basin, the Nelson Basin, and the Gulf Coast drainage between the
Mississippi River at Vicksburg, Mississippi and the San Antonio Basin.
Monthly values of {P-E) , {LRO) , and < S) are shown in Fig.

92. Annual values are given below.

Table 18. Central Plains Region - Area: 41.9 x 105 km2. Units: cm yr'l.
May 1961-April 1962 May 1962-April 1963
<{P-E> 5.3 11.3
{RO> 11.4 7.0
£AS> -6.1 ' +4,3

The seasonal storage reaches a peak in spring, and during these



-122-

two years exhibited _maxima around April 1 and June 1. The minimum is
again found in September. The amplitude of the storage change appears
to be around 8 cm, somewhat less than that estimated for the Westerﬁ
Region. Because of seasonal differences in precipitation, with a winter-
time maximum over much of the west, and a summertime makimum over
the Central Plains, this difference seems reasonable, Summertime
losses over the west will largely derive from precipitation which fell
during the previous winter, while much more of the summer loss over
the plains is supplied by summertime convective precipitation.

Computed storage losses during the first year were approximately
balanced by gains during the second. Computations for various subdivi-k
sions of the area indicated losses during the first year over all but the

Upper Mississippi Basin. Computed decreases in storage during the sec-
ond year were most pronounced over the Upper Mississippi Basin, while
the major increases were indicated over the Nelson and Upper Missouri

Basins.

H. Eastern Region - Water Balance

This region, consisting of the Ohio Basin, the St. Lawrence Basin
above Cornwall, Ontario, the Ottawa Basiﬁ, and the eastern Gulf coast
and east coast drainage (22.2 x 10° kmz), was singled out for the most

intensive study. Mean monthly precipitation, streamflow, and moisture



-123-

flux data were tabul‘ated for the region.

The two years covered by this investigation coincided with a
period of sharp falls in the levels of the Great Lakes and a definite turn
toward drier conditions over large portions of the area. The periéd
marked the early stages of the severe drought of the early and mid 1960's
which occurred over portions of southeastern Canada and the northeastern
United States.

Mean monthly values of the ‘princip’al components of the water

balance are shown in Fig. 93. Annual values are given below.

Table 19. Eastern Region - Area = 22,2 x 10° km2. Units: cm yr'l.

May 61-April 62 May 62-April 63
{PE? 37.9 20. 3
{RO> 44,5 31.7
L£as> -6. 6 -11.'4
P 101.3 817. 4
<E) 63. 4 67.1

(computed)

The computed value of <F—_E7 for August, 1961 looks suspicious,
and may be somewhat too large. The Climatological Data - National
Summary shows a band of heavy rainfall during the month which was
centered approximately on the southeastern boundary of the area. It

may be that the aerological network was not sufficient to adequately define
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the divergence pattern along this boundary, under these conditions.

The marked storage losses computed during the two year period
make it difficult to accurately define the mean seasonal change; however,
an estimate of 12-16 cm change in storage from spring to fall appears to
be reasonable. In Fig. 88, the changes during the first year, and the
average for the two years, are compared with the mean changes computed
by Van Hylckama (1956) for the area between 30°N and 50°N and 70°W and
90°W. The values of Van Hylckama again appear to significantly over-
estimate the actual storage changes.

The storage changes in the Great Lakes follow a pattern which is
almost out of phase with the remainder of the region; lake storage is
highest in mid summer and lowest in late winter. This amounted to a
2-3 cm damping of the seasonal storage changes of the remainder of the
area, i.e., the average seasonal storage changes for the portion of the
area exclusive of the Great Lakes appear to be around 14 to 19 cm.

Mean monthly values of precipitation were computed for the land
areas within the United States from state climatological zonal averages.
Values over southern Canada were estimated from the isohyetal maps
of the Canadian Monthly Record. Values over the Great Lakes were
estimated from the available data, with no corrections attempted for

possible differences between precipitation over land and water. Mean
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monthly values of evapotranspiration were then computed using these data.
Results are shown in Fig. 93. Subtracting the volume of evapotranspira-
tion computed over eastern North America from that computed earlier
for all of the United States and southern Canada (except the Nelson Basin)
provides the estimate for the Western and Central Plains squivisions
shown in Fig. 89. The approximations involved in obtaining these values
require one to treat them as rather rough estimates. Nevertheless, they
appear, for the most part, to be quite reasonable. The questionable value
of (F—Tf? for August 1961 has already been méntioned, ‘and may have
led ' to the low value of <E> computed for the eastern area during that
month.

The mean annual march of evapotranspiration computed for the
Eastern Region differs in some important respects from that found over
the West and Central Plains. Maximum evapotranspiration is shown in
June for the West and Central Plains, while in the Eastern Region it
~continues to rise to a maximum in July. An earlier summer maximum
in the west and midwest seems reasonable, since soil moisture defi-
ciences which develop over the more arid regions will ysually keep sum-
mer evapotranspiration well below the potential rate. Larger soil
moisture reserves in the east probably allow heavy evapotranspiration

to continue into midsummer. Generally lower evapotranspiration rates
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- are computed for the west and midwest throughout the year, but particu-
larly during winter.

Values of CR for Eastern North America are shown in Fig. 92.
Runoff accounted for around 50-60% of the total loss from December
through March, but this percentage dropped rapidly to 15-35% from May
through October. The value of CR from the Eastern Region, for the
entire first year, was 41% as compared with 25% for the remainder of
the United States and southern Canada. Thus the percentage loss due to
runoff was considerably higher over the east, as would be expected. A
drop in CR is again observed during the second year, primarily the
result of a sharp decrease in runoff.

Perhaps the most interesting single result of these computations
is the sharp drop in surface and subsurface storage computed during the
two year period. As previously mentioned, this is in qualitative agree-
ment with independent indicators. The levels of the Great Liakes dropped
sharply and losses in lake storage alone amounted to 3 cm when averaged
over the entire area. Perhaps of more importance is the suggestion from
the falling lake levels of possible heavy soil moisture and ground water
losses in the surrounding areas as well. Palmer (1965) has developed ah
index of meteorological drought §vhich is dependent on the duration and

magnitude of abnormal moisture deficiency and is normalized in such a



-127~

way that it permits tim'e and space’ comparisonsl of drought severity.
The index is designed to reflect the disruption of the local econbmy pro-
duced by a departure from normal of the moisture aspect of the local
weather. Mr. Palmer has kindly prepared fnaps for the area for which
values of the index are available, This includes an areaof the United
States north of about 35°'N~ which extends from the east coast to about
105°W. Maps were prepared for conditions as of April 30, 1961, and
at 6 month intervals through April 30, 1963.

Conditions on April 30, 1961 were classed as normal to moder-
ately wet over most of the analyzed area included in thé \Eastern Region.
Onj.y over iower Michigan was there any appreciable below normai area;
this -region being classed as having mild drought. | '

By April 30, 1962 considerably drier conditjdns were indicated.
The area from Virginia and North Carolina westward through Kentuckcy
" and Tennessee was still classed as médérately wet to very wet, but
most of the remainder of fhe_ area within the Eastern Region had markedly
lower indices than 12 months previous, being generally classed as incipient
‘drought to mild drought.

By April 30, 1963 droughty conditions had noticably worsened.
Only a small area in eastern Kentucky and Tennessee and in Central

Indiana was still classed as slightly to moderately wet. The remainder
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of the area generally ranged from incipient drought to severe drought,
and areas of southeastern Wisconsiﬁ and southern Michigan were classi-
fied as having an extreme drough:.

The trend toward drier conditions over that portion of the Eastern
fiegion which was included on Palmer's maps was apparently quite pro-
nounced during the two year period. The trend toward drier conditions
over the remainder of the Eastern Region is also quite apparent from
‘stream flow records, which indicate decreased flows during comparable

seasons of the second year. Typical examples are shown below:

Table 20. Average outflow (103 £t3 sec™1)

May 61- Oct 61~ May 62- Oct 62~
Oct 61 Apr 62 Oct 62 Apr 63

Alabama River

at Clairborne, Ala. 21 70 14 37
Altamaha River

at Doctortown, Ga. 11 23 6 16
Ottawa River

at Grenville, Que. 65 67 54 47

(estimated)

I. Great Lakes and Ohio Drainage - Water Balance
The problems which arose in the balance computations for the

Ohio Basin and Great Lakes are typical of those encountered as the size



-129-

of the area was further decreased.

The results for these combined basins are shown in Fig. 94.
Annual values for <P-E” , <RO” and <{4S) are given
below.

Table 21. Ohio Basin -Great Lakes Drainage. Area = 13.0 x 109 kmz.

Units: cm yr~ 1,

May 61-April 62 May 62~April 63
LP-E? 42,9 15.5
LRO”> 40.9 29.6
AasD> +2.0 : -14.1

Records of the elevation of the surfaces of the Great Lakes,
provided by the Lake Survey, were used to estimate the actual storage
changes of the lakes. It was then possible to compute a storage change
for that portion of the area exclusive of the Great Liakes. These values,
as well as the values computed for the entire area, are shown in Fig. 94.

The overall relationship of (ﬁ67 and <ﬁ7 is, for the
most part, still quite reasonable, with losses in storage shown during
the spring and summer, and increases during the fall, and during the
first winter. A net storage loss was computed during the two year period,
with the average loss over the portion of the area exciusive of the Great

Lakes being less than one-third the average loss of the lakes themselves.
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The storage loss during the second year is not very different
from that computed for the entire Eastern Region. However, an actual
increase in storage is computed during the first year, the result of
computed storage increases over the area draining iﬁto the Great Lakes
which are greater than the computed losses from the lakes themselves
and the Ohio Basin. Since this does not appear to agree with the results
of Palmer, and the implications of the falling lake levels, one must
suspect that the water vapor convergence was overcomputed, at leést
during the first year.

If one examines only the Great Lakes drainage (Fig. 95), it be-
comes rather apparent that a general overcomputation of {P-E7 is
occurring. A mean annual increase in storage is computed for the total
area, even in the face of average annual losses of around 3.5 cm from
the lakes alone. Computed increases over the area exclusive of the lakes
amounts to around 12 cm/year.

Acknowledging these deficiencies in the computed values, they
are still sufficient to allow an estimate of the amplitude of the annual
storage change which is probably at least as good as that given by Van
Hylckama (1956). Fig. 95 shows a comparison of these results with |
the storage changes computed for the area 40°-50°N and 80°-90°W from

Van Hylckama's data.
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The results of Van Hylckama were presented as being for the land
areas of the world, but since he used these results to compute seasonal
changes in sea level, it appears that they should also reflect the storage
changes of the lakes and landlocked seas. If such changes were indeed
taken into consideration, his values grossly overestimate the seasonal
storage changes in this region, which are probably no more than 8-10 cm.
On the other hand, it appears that he may have neglected the changes in
lake storage, and in this case his results can be compared with those
obtained from the water balance computation for the land area only. Ad-
justing for the 12 cm annual storage change, computed during this period,'
one might estimate from the water balance computation a seasonal change
in storage of 20 to 25 cm, as compared with around 31 cm computed by
Van Hylckama. These results are in fair agreement, but still indicate
the possibility of an overcomputation by Van Hylckama.

Mean monthly results for the Ohio Basin are also shown in Fig. 95.
Although a decrease in storage is computed during the two year period,
the magnitude of the decrease appears to be excessive. This, as well as
computed evapotranspiration, indicate an overcomputation of the flux
divergence. For example, the computed evapotranspiration during the
se’cond year was 93 cm, a figure which i.s comparable to, or possibly a
little larger than the mean annual lake evaporation for the area as computed

by Kohler, Nordenson, and Baker (1959).
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The separate results for the Ohio Basin and Great Lakes area
suggest the possibility that part of the error is due to an improper deter-
mination of the flux across their common boundary, so that the inflow to
the Great Lakes and the accompanying outflow from the Obhio Basin is often
overestimated. This could occur as a rather systematic error, or as a
large occassional or seasonal error, or possibly as a combination of the
two. Comparison of the mean monthly values of {P-E/” for the two
basins indicates the probability of large errors of'this type in October,
December, and possibly in July. In June, however, there seems to be
an error in the opposite direction, with apparent overcomputation of con-
vergence in the Ohio Basin at thé expense of the Great Lakes .drainage.

In any event, the compensating errors in LP-E> which apparently occur
between these two basins well illustrate why the results obtained for their
combined areas are superior to those for the iﬁdividual basins.

One should not be overly pessimistic concerning these results, or
what they imply concerning the possibility of obtaining useful results over
areas of this size. While it is true that one cannot rely on the individual
monthly values of {P-E or on computed interannual storage changes,
it is also true that the mean monthly values were of the correct order of
magnitude, and did indeed produce, for the Great Liakes Basin, an annual
storage curve which apparently reflects the correct order of magnitude of

the seasonal changes. It may well be that further investigation will lead

!
,
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to an improvement in the results for.areas of this size.

One should also not overlook the possibili'ty that, on this scale,
significant errors may on occasion occur in measured precipitation and
possibly even in runoff. For example, the mean precipitation computed
from climatological éonal averages, for the Ohio Basin, was less than
the feported runoff during each of the' two months, March and April, 1962.
The probability that actual precipitation exceeds the measurements has
been discussed previously. Another unusual situation occurred during
March-April 1963, when comparison of the total flow from the Ohio at .
Metropolis, Ill., with that of the Mississippi at Vicksburg, Miss., indi-
cated questionably large losses between these two p>oints. Without a
more thorough investigation, one cannot say which, if any, of these data
were seriously in erro.r,‘.but they do suggest that substantial errors may

not always be safely attributed to incorrect evaluation of the vapor flux.
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XI. INTERANNUAL FLUX VARIATIONS

Little information is available on seasonal and interannual vapor
flux variations, since almost all previous investigations have been limited
to a period of one year or less. One exception, however, is a study of
the seasonal variations of vapor flux at Oklahoma City covering a period
of almost 12 years (Benton, 1960). These results indicated that the total
movement of water in the atmosphere over Oklahomé City did not vary
greatly from year to year. In addition, correlations between the anomo-
lies in vapor flux magnitude, and precipitation, were low.

Five years of rnéan annual values of the 00 GMT flux components,
averaged for several stations in the neighborhood of the Central American .
Sea, were presented in Chapter IX. These data showed a variation in
the magnitude of the mean annual flux of more than 650 gm (cm sec)'l
during the period; more than 30% of the five year mean value. Inter-
annual differences of as much as 950 gm (cm sec)”! were observed at an
individual station (Willemstad).

" Some of the annual values of boundary flux shown on Fig. 78 also
exhibit marked differences between individual years.

A detailed investigation of interannual changes in the vapor flux
will be left to future studies. However, it appears worthwhile to briefly

review the overall characteristics of the year to year changes which
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occurred during the two years covered by this investigation. It is of
,particular interest to note the relationship of these changes to changes
in <E_"—T3), and, where possible to changes in precipitation.

A clear picture of the year to-year changes in the flux can be ob-
tained from Figs. 106 and 107, which show the interannual difference in
the mean annual values of the individual flux components. Figs. 104 and
105, which present the mean annual values for the two year period, are
included for comparison.

Considering first the Central American Sea, we note the following
changes from the first to the second year: (1) a decrease in the mean
northward flux, (2) a decrease in the mean westward flux, and (3) an
increase in LE-P)

The decrease in the westward flux was observed over the entire
Caribbean Sea, and over all but the western and extreme northern Gulf of -
Mexico. Interannual differences in the central Caribbean amounted to
more than 400 gm (cm sec)’l, and as much as 30% of the two year mean
annual flux at some points.

Decreased northward flux was indicated over all but the south-
western Caribbean and extreme western Gulf of Mexico. Changes in the
meridional flux were particularly pronounced in the northcentral Gulf.

Comparison of the year to year changes in the flux components
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with the mean annual values indicates a decrease, during the second year,
in the magnitude of the flux over almost the entire Central American Sea.
Only in the extreme western Gulf of Mexico did the flux increase in
magnitude.

Because of the dominance of the zonal flux component, and the
relatively small zonal eddy flux, (Peixoto and Crisi, 1965), the mean
annual flux over the Caribbean Sea is primarily the result of transport by
the mean annual wind. Consequently, interannual flux differences of the
magnitude found over much of that area are most likely due to the vertic-
ally integrated changes in the mean annual wind and specific humidity.

The degree to which each of these factors contributed to the change can-
not, of course, be determined without an analysis of the data at each level,
These data were not immediately available to the author. A check of
mean annual values of total water content, W , at stations in the area
was rather inconclusive, with about as many stations showing increases
as decreases during the second year. The largest change, a decrease of
.32 gm em™2 at Grand Cayman, represented 8% of the two year mean
value at that station, while the change in the magnitude of the flux at the
station amounted to about 20% of the mean value. Thus, the data suggest

that the interannual flux changes over the Caribbean were primarily the

result of a decrease in the strength of the mean easterlies.
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It is interesting to note the changes in the configuration of the
vector field which are associated with the interannual change in the flux
divergence. Over the Caribbean Sea, where the annual divergence change
amounted to only +11 cm, there is no clear cut pattern of change in the
individual component's contribution to the divergence. Over the Gulf of
Mexico, however, where the computed divergence change was +33 cm,
the pattern is more clear cut. Here the two éomponents contribute
oppositelj to a divergence change, with the net divergence change being
of the same sign as the change in the divergence of the zonal component.
It is apparent that the change in the deformafion component of the vector
field is usually much larger than the change in the divergent component.
This is also true of the mean components themselves on individual maps.
Thus, for interannual changes in the flux vector field, as well as for the
mean field itself, the non-divergent component is normally much larger
than the divergent component. |

Interannual changes over the North American Continent are prob-
ably best discussed in terms of the regions previously used for water
balance computations.

.Over Northern North America, changes from the firstr to the
second year consisted of: (1) a general decrease in eastward flux, (2)

minor changes in the meridional flux, and (3) a slight decrease in <E—P7.
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The decrease in eastward flux amounts to a sizeable percéntage
of the two year mean value over most of northern and eastern Canada.
It is this decrease in flux through the eastern boundary which primarily
accounted for the decrease in the computed value of <{E-P> duriﬁg
the second year.

Flux changes over the Western and Central Plains Region were,
in general, rather small, and, except for a few small scale features,
showed little organization.

The most interesting interannual changes are found over the
Eastern Region. Changes in this area consisted of: (1) a decrease in the
eastward flux, (2) a decrease in the northward flux, (3) an increase in
computed <E:—15} (18 cm), (4) a decrease in <P> (14 cm), and (5)
a decrease in <W) . As in the case of the Central American Sea,
the increase in <E_}'-—15) was accompanied by a decrease in the magni-
tude of the flux. Compensating changes in the individual component's
contribution to the flux divergence was again observed, but contrary to’
the situation over the Gulf of Mexico, the change in the divergence was
of the same sign as the change in the contribution from the meridional
component. ‘

Values of W were lower during the second year at almost all

stations in the Eastern Region, with the largést decreases (generally
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.10 - .20 gm cm™2) over the northeastern United States and southeastern
Canada.

The flux changes in the Eastern Region, and over the Gulf of
Mexico, represent changes in the western portions of the flux maxima
associated with the Atlantic cyclone belt (see Figs. 2 - 3). Thus, it
may be that the general decrease of the flux over that area is associated
with weaker cyclonic activity, or perhaps the result of a southeastern
shift of the western end of the cyclone belt. The apparent westward
shift and overall weakening of the meridional flux pattern in the Gulf of
Mexico during the second year, which appears as a decrease in north-
ward flux in the northcentral Gulf, and an accompanying increase in
northward and westward flux over the western Gulf, northeastern Mexico,
and Texas may be one of the more significant features of the pattern.

Two years of data are, of course, not sufficient to establish re-
lationships between seasonal or annual changes in the configuration of
the vapor flux field, and changes in precipitation or flux divergence.

The analyses do show that large scale, well organized interannual changes
do occur, and that these changes can be of appreciable magnitude. The
analyses also suggest that interannual changes in E-P , or P, in
addition to being directly related to changes in the divergence of the

vapor flux, may, in some areas, be correlated with changes in other
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differential properties of the vapor flux vector field and possibly with

changes in the magnitude of one or both of the components as well.
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XII. FLUX DIVERGENCE MAPS AND AN ANALYSIS OF
SYSTEMATIC FLUX ERRORS

The regional water balance computations discussed in Chapters
IX and X yield a great deal of information concerning the accuracy of
the computed mean flux divergence over a particular region. However,
they give little information dn the type of errors which lead to the de-
terioration of the results as the size of the area is decreased. Further
information concerning this important question can be obtained if the
flux divergence is computed with a higher degree of resolution. Such ‘
computations were made, as previously noted, using a 2. 50 x 2, 5° grid
south of 57.5°N and a 2. 5° latitude x 5. 00’ longitude grid north of 57. 5°N.
Individual computations were made for each of the 24 months, at both
00 and 12 GMT. These results were in turn combined into mean monthly,
mean seasonal, and mean annual maps. Mean seasonal maps of the flux
divergence difference, 12-00/2, were also computed in order to more
clearly ascertain the effect of diurnal variations on the computations.
Computer printout of mean monthly, seasonal, and annual values, to-
gether with a printout of summer and winter values of diurnal flux dif-
ferences, are shown in Figs. 46-76. Computations were performed
over Continental North America north of the United States-Mexican

border,  over the Central American Sea, and in the area west of the
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Bahama Islands. Other regions, in which no computations were made,
were assigned grid point values of zero. Ra‘therithan referring to the
basic computer printout, it will be convenient, during much of this dis-
cussion, to refer to Figs. 97-103, which present analyses constructed
from the seasonal and annual grid point values of flux divergence.

We shall not attempt to compare the values of V@ on indi-
vidual monthly maps with the distribution of precipitation during that
‘month, but will merely record a few general observations. It is hard
to estimate the relationship to be expected during summer between a
divergence map, and a precipitation map such as that presented in the
Climatological Data-National Summary, without additional information.
Antecedent conditions, and the timing of precipitation during the month
are important factors in this relationship. Furthermore, the erratic
patterns of convective precipitation often create difficulties in the cons-
struction of a meaningful summertime precipitation map. Nevertheless,
there can be little doubt that the summertime flux divergence maps are
overlaid with a substantial amount of error, which in many areas strong-
ly distorts, or completely masks the true pattern of divergence.

During winter, when evapotranspiration over the land is low,
leading to patterns of P-E and P which are often similar, the mean
monthly divergence patterﬁs show a great improvement. Large scale

areas of heavy precipitation are usually accompanied by corresponding
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minima of computed divergence in the same general area. Areas with
spuriously large values of either convergence or divergence are also
much less in evidence during winter.

The extent to which the error pattern obscures the.true pattern
is probably best illustrated by the mean annual divergence map (Fig.
97). As one would expect from the regional water balance computations,
the map captures the broad scale features of the divergence pattern.
The Central American Sea is shown as being primarily divergent. Con-
vergence is the rule over the continent, with the expected large values
on the north Pacific Coast, and in the southeastern United States. How-
ever, the gradients in many areas, and the magnitude of many of the
major features on this map cannot be supported by independent hydro-
logic data, and in some cases are undoubtedly in error.

Problems in the divergence distribution over the Central American
Sea were anticipated, éven though efforts were made to produce a smooth
field. The non-re’presentativeness of the data from Kingston, Jamaica
has already been discussed, and the very strong gradient between con-
vergence in the northeastern Caribbean and divergence to the west may
be due, in part, to improper interpretation of these data. It should be
emphasized that it is primarily the distribution of the divergence within

the basin, and not its average value, which is in question, since it was
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shown in Chapter IX that the average value is in excellent agreement
with independent estimates of <E:-1'5>

Data from the missle range stations in the Bahamas were not
available with sufficient regularity to be of use during this two year
period, nor were any data available from Havana. Consequently, the
distribution of divergence over Cuba and the Florida straits, and in the
area to the east of the Greater Antilles is unreliable. Furthermore,
data over Florida, and computations on a 2. 5° grid, are not sufficiént
to adequately resolve differences between values of divergence over
the peninsula and over the surrounding waters of the Gulf and the Atlantic.

Some of the features along the edges of the continent are due to
uncertainties of analysis, but most of the large scale pattern over North
America is well established by the data. Quesﬁonable features over
the continent include:

(1) The intense area of divergence over the northwestern United
States, and the excessive convergence to the south of this area.

(2) The elongated area of divergence parallel to and just to the’
east of the Continental Divide, extending from the Yukon Territory al-
. most to the Gulf Coast.
(3) The strong convergent area over southern Texas

(4) The strong convergence over and just to the east of the
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Continental Divide.

(5) The area of convergence extending from south of Lake Michigan,
northward, then eastward through Ontafio. It is the intensity of the con-
vergence in this area which is in question.

(6) The divergent area extending from Lake Erie to Hatteras

(7) The divergent area over northeastern Quebec and northern
Labrador.

(8) The convergence maximum over Hudson Bay

(9) The maxima over Labrador and Newfoundland. Again in (8)
and (9), it is the magnitude of the values which is in question.

Examination of the seasonal analyses (Figs. 98-101) and the
annual mean maps for the two individual years (not shown here) reveals
the following facts.

(1) All of the previously described features appear on each
annual mean map in approximately the same geographical location, but
vary somewhat in intensity.

(2) The strong convergence over Hudson Bay does not appear in
winter and spring, and the divergence over northeastern Quebec and
northern Labrador does not appear in winter. All other features are
recognizable on each seasonal map.

(3) The seasonal variation in the intensity of these features is



-146-

not uniform. Some are most intense in summer. Examples are the
divergent area over the northwestern United States, the divergent area
east of the Continental Divide, the convergence over and just to the

east of the Southern Rockies, and the features over Hudson Bay, Quebec,
and Labrador. The convergence north of the Great Lakes was strongest
in fall, while convergence over and just to the east of the Central Rockies
was strongest in fall and winter. The area of convergence south of Lake
Michigan, and the divergence over the Upper Ohio Valley do not appear
to follow any particular seasonal pattern.

The conclusion is therefore inescapable that insofar as these
features represent errors in the divergence field, they are of a sys-
tematic rather than a random nature, appearing each year, and, for the
most part, in all seasons (except north of 50°). In this regard it should
be noted that several of the major features appearing on these maps are
also apparent in the less detailed analysis of 1958 data by Peixoto and
Crisi (1965); notably the convergent area over south Texas and the
southern Rockies, the belt of divergence east of the Continental Divide,
and the excessive convergence over the Canadian Rockies.

The reasons for the systematic errors are by no means clear.
However, there are some possible sources of error which it seems safe

to discount. It has previously been pointed out that the transport of
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liquid or solid water is a minor factor; a conclusion which is borne out
by the excellent balance between runoff and computed mean flux diver-
gence over the larger regions.

The 50 mb vertical resolution in the data may produce some sys-
tematic sampling errors in the lowest levels, but because of the varying
wind regimes, and station elevations, these errors should be rather
random and local in nature.

It also seems unlikely that large errors will be produced by the
" neglect of the flux above 200 mb, although there could be some system-
atic error at the higher reporting levels produced by the use of statistical
estimates of humidity, and the increased number of missing reports. In
particular, this could be a factor within and along the boundaries of
mountainous regions. However, it is exceedingly doubtful if such errors
could be of the magnitude necessary to produce the features found in the
northwestern United States and just east of the Continental Divide.

The more important errors can, it appears, be most logically
attributed to a combination of the following factors: (1) the improper
definition of the diurnal flux variations by two daily observations, (2) the
inability to separate smaller scale features of the flux field from the
broad scale pattern, and (3) local station peculiarities.

The errors produced by the inability of two daily observations to
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define the mean daily flux are undoubtedly of importance in some areas,
particularly during summer. The characteristics of these oscillations
have been discussed in Chapter VIII. Some idea of the magnitude of the
diurnal change in the flux divergence produced by these oscillations can
be gained from an examination of Figs. 102 and 103, which show the dif-.
ference between the 12 GMT and 00 GMT divergence fields for summer
and winter.

The summertime pattern of diurnal change is dominated by the
effects of the large scale oscillation over eastern North America and the
Gulf of Mexico. Changes in the divergence pattern between 12 GMT and
00 GMT in this area are quite remarkable. The decrease in convergence
over the Rockies and high plains, and the increase in convergence over
the Mississippi Valley between 00 and 12 GMT is consistent in most
respects with the vertical motion field found by Curtis and Panofsky
(1958) and the low level convergence patterns found by Bleeker and Andre
(1951). The greatest changes in coﬁvergence are found ovef the Gulf of
Mexico, where differences between 00 and 12 GMT flux convergence of

2 mo) ! were computed.

as much as 50 gm (cm
It is also interesting to note the small maximum in the (12-00)/2

difference which is located over Hudson Bay, indicating relatively more

convergence over the bay in the morning than in the evening.
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Wintertime differences between the 12 GMT and 00 GMT flux
_divergence are much reduced, but many of the features of the summer
pattern can still be recognized. The changes over the Gulf of Mexico
are still quite pronounced, but the pattern over the plains, although
still identifiable, is quite weak. The pattern bof variations north of
52. 5°N has almost completely disappeared, except in the area over
Alaska and the Yukon, and here the summertime pattern is reversed.

Although the mean monthly flux vector may be defined with fair
accuracy by two daily observations, the error in the computed flux
divergence may still be large if the systematic flux errors form a highly
divergent vector field. The difference during July at Ft. Worth (Fig.
45), between the average of the 00 and 12 GMT flux, and the average of
the four daily observations, is probably a fair estimate of the flux error.
Errors of this magnitude could easily account for much of the noise
found in the summer divergence patterns.

Where errors due to diurnal flux variations are dominant, one
would expect the maximum error in summer when the oscillations are
most strongly developed and the minimum error in winter. As previ-
ously noted, major features on the map which exhibit such a seasonal
variation are the divergent area over the northwestern United States

and the accompanying area of excessive convergence further south, the
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divergent area east of the Continental Divide, the convergent area over
and just to the east of the southern Rockies, and the features over Hudson
Bay, Quebec and Labrador. Added evidence that these particular features
may be caused primarily by improper evaluation of the diurnal flux varia-
tions is found in the fact that each of the above areas is closely associated
with a maximum difference between the 00 GMT and 12 GMT divergence,
thus suggesting that the areas may be regions of local maximum diurnal
variability of the flux divergence.

Localized smaller scale effects are, beyond doubt, important
sources of errof in western North America, and perhaps in the vicinity
of the Appalachian Mountains and the east coast as well. It is also
tempting to attribute the strong divergence found over the Ozark plateau
partly to such effects. The Ozark region presents the first topographic
barrier of any consequence to the strc;ng low level inﬂu‘x from the Gulf
of Mexico. Analysis of individual monthly maps suggests a tendency for
the stronger flux to pass on one side or the other of the plateau. Thus
it may be that Columbia, Missouri on the north, and Little Rock, Arkan-
sas on the south will show systematically higher values of flux than the
area between., Excessive divergence will then résult if the area between
is analysed linearly. -

In the case of the Appalachian Mountains, there is, in addition to
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other possible smaller scale effects, an apparent decrease in the flux
across the ridges which is not well defined by the data. .

On the basis of the comparison of 12 non-consecutive months of
wind and flux data from Tinker AFB, and Oklahoma City, it is suggested
that local station pecularities may also be the source of some of the re-
maining error. The mean vector flux difference between these stations
during the period analyzed was 192 gm (cm sec)—l, with Tinker consis-
tently showing the stronger mean monthly flux. This difference was
primarily the result of a systematic difference in the winds. Further-
more, the differences were by no means limited to the lower levels, but
extended throughout at least the lower half of the troposphere. They were
observed throughout the year (although most of the period investigated
consisted of winter months), and were almost certéinly not primarily the
result of systématic diurnal variatioﬁs.

The explanation for this systematic difference can only be guessed
at . One possibility which suggests itself is improper calibration of the
ground equipment. In any event, errors of this magnitude are again large
enough to account for much of the observed error pattern.

In the light of the previous discussion, if is a fair question to ask
how, with the apparent presence of a substantial amount of systematic

error, it was possible to evaluate ( v @) rather accurately over the



-152-

larger areas studied. The reason apparently lies in the fact that the
average flux divergence over an area is a function only of the flux on the
boundary. Thus, a boundary error will tend to produce compensating
divergence errors in the two regions sharing the common boundary.
Consequently, there is a tendency for one to obtain satisfactory results

if the area considered is large enough to include the larger scale adjacent
regions of compensating error. Such compensation becomes less likely
as the size of the area decreases, and the typicai scale of the error
pattern probably accounts for the particularly rapid deterioration in the

results as the area is decreased to less than 10 - 15 x 105 kmz.

How-
ever, it is apparent that even for rather large areas, the results will,
to some extent, depend upon the area chosen, For example, one would
‘not obtain satisfactory results if an area corresponding to the belt of
divergence east of the Continental Divide were chosen for study. Until
further investigation and added data lead to methods for correcting these
errors, one can use these or similar divergence maps as a rough guide
for choosing the size and shape of areas over which satisfactory results
can be expected.

In the previbus discussion, it was pointed out that the true diver-

gence is apparently superimposed on a more or less systematic error

field. If this error field were pfecisely the same from year to year, one
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might be able to compute the year to year difference in the divergence
with a greater accuracy than is possible for the annual divergence itself.
Comparison of the annual results for the two years studied indicates

that this may, to some extent, be the case. However, water balance
computations for the Central Plains and Eastern Region (Fig. 91) indi-
cated substantial year to year differences in the relationship of the mean
monthly 00 and 12 GMT flux convergence, which in turn implies the
probability of some differences in the error field as well. Further in-
vestigation is necessary in order to determine if useful computations of
the year to year difference in <V§> can be made over areas appre-
ciably smaller than those for which reasonable annual values of <V(-q-)>

itself can be computed.
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XIII. CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH
A. Conclusions
1. Evaluation of the flux divergence

The results of this investigation establish the following facts
concerning the accuracy of vapor flux divergence computations.

(a)v The aerological data over North America are sufficiently
dense and sufficiently accurate to be used to advantage in large scale -
regional water balance studies. When used on the proper time and space .
scale, vapor flux data provide estimates of <E‘-—l5> not easily or
accurately obtained from the more conventional methods of evaluating
evaporation and precipitation.

(b) The minimum spatial scale on which the atmospheric water
balance equation can be used to advantage over the North American
sector is, at pfesent, primarily determined by the systematic errors
in the computed flux di\}ergence. These errors are tentatively ascribed
to: (1) errors prod‘uced by diurnal variations in the vapor flux, (2) dif-
ficulties in separating smaller scale features of the flux field from the
broadscale pattern, and (3) local station pecularities.

(c) Results over North America indicate that when twice daily
observations are used, and. some judéement is exercised in the choice

of the area to be studied, fairly accurate estimates of (E-P} can
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usually be obtained from the vapor balance relation, on a mean monthly
basis, for areas of approximately 20 x 105 km2 or larger. In addition,

much useful information can often be obtained for areas of 10 - 20 x 105 kmz.

As the areas decrease to less than 10 x 105 kmz, results normally deter-
iorate rapidly.

Data surrounding the Gulf of Mexico and Caribbean Sea are
apparently sufficient to obtain satisfactory mean seasonal, and possibly
even mean monthly values of <E—-f’> for these basins.

(d) The vertical distribution of flux divergence can be satisfac-
torily defined on at least as small a scale as the verticaily integrated
divergence. This is particularly true over the United States in summer,
when the vertically integrated flux divergence results from the small
difference between a strong convergence in the lower layers, and diver-
gence above,

(e) These results could, of course, be improved by decreasing
the sampling interval, in time and space. Over the Central American
Sea, and north of 50°N, it is hard to say whether a greater improvement .
would be realized by shortening the sampling interval in time, or space.
Over the United States;. }'mwever, it is the view of the author that the
greater overall improvement would be attai’néd by shortening the sampling

interval in time, even though a few additional stations at crucial locations
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would certainly be highly desirable. In other words, the results over
the United States would probably benefit more by having observations -
four times daily from the present station network, than by doubling the
number of stations. The more frequent observations would allow a
better evaluation of the diurnal flux variations, and, in addition, reduce
the random sampling error, which becomes important for shorter time
periods.

2. Vapor flux and flux divergence over the North American Sector

We shall not repeat the details of the results which were presented
throughout this report; but will merely list a few general findings.

(a) Tile vapor flux and flux divergence exhibit diurnal variations
which are particularly pronounced south of 50°N during the summer. Of
particular interest is the well organized pattern of diurnal change over
'eastern North 'America and the Central American Sea.

The more significant variations are usually the result of diurnal
variations in the wind, rather than in the specific humidity.

(b) Large scale, well orgainized interannual changes in the vapor
flux, of appreciable magnitude, were observed over much of the area
during the two year period studied. However, when viewed in relation
to the large scale flux field, these were usually changes in detail only.

Consequently, Figs. 106 and 107 are believed to exhibit the main features
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of the mean annual flux field fairly accurately.

(c) During July, the atmosphere over the United States showed
pronounced vapor flux convergence in tne lower 100 mb, and flux diver-
gence above., Flux convergence was observed at all levels in January.
As a general rule, corresponding features of the profiles were found
at higher elevations over the western half of the United States. Further-
more, the contribution to the total integrated flux divergence from the
layers above 500 mb was quite significant over ‘the west, the apparent
result of the higher terrain of that region.

3. The water balance of North America and the Central American Sea

The more general results of the water balance computations of
Chapters IX and X are listed below.

(a) Over the Gulf of Mexico and Caribbean Sea, the mean annual
and seasonal values of <{E-P” computed from the water balance equa-
tion were in excellent agreement with independent estimates. Further-
more, use of comp;uted mean monthly values of (ﬁ} and estimates
of evaporation led to mean monthly values of precipitation, - and seasonal
variations in precipitation, which appear, for the most part, to be
reasonable.

(b) For North América, north of the United States-Mexican border

2

latitudinally averaged values of divergence showed a minimum between
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'55°N and 65°N. The total area acted as a sink of water vapor, with mean
monthly convergence during 23 of the 24 months studied.

(c) For the United States and southern Canada, evaporation ex-
ceeded precipitation only during the three summer months. Little net
surface and subsurface storage change was computed during the two
year period for the area as a whole. However, systematic seasonal
storage changes were computed. The average decrease in storage from
spring to fall was around 8 cm.

Estimates of mean evaporation for the area indicated a maximum
of around 8 cm in June, and a minimum of 1-2 cm during winter.

(d) Although little net storage change was computed for the area
as a whole, appreciable increases were computed for the Western Region
during the first year, and large decreases were computed for the Eastern
Region, particularly during the second year. These changes appear to,
agree qualitatively with independent data.

Although further investigation is necessary in order to evaluate
possible systematic errors in these computations, the results strongly
indicate that the imbalance between the computed atrr;ospheric vapor in-
flux, and the measured streamflow, can be evaluated accurately enough
to detect significant interannual and seasonal storage changes over the

lérger regions investigated.
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B. Suggestions for further research

The author feels that the results of this study, insofar as they
have established somewhat more clearly the practical limitations, and
the advantages in the use of vapor flux data, can serve as a guide in de-
termining the most productive approach to future research along these
lines.

Much of this investigation can be considered in the realm of
pilot studies, undertaken partially for the purpose of determining the
quality of results which could be obtained. Thdse studies which were
shown to be feasible should now be extended, and further feasibility
studies suggested by this investigation should be performed. The fol-
lowing are the authors specific suggestions.

1. Continue the studies begun in this investigation by the analy-
sis of a longer period of data. Since, over a long enough period, sur-
face and subsurface storage changes can be ignored, this will provide
a basis for a more accurate determination of the magnitude and distribu-
tion of the systematic errors which are now present in the flux divergence
computations.

A longer period of data would also provide a more stable clima-
tology of atmospheric humidity statistics, which would certainly be of

value. Furthermore, it would provide a clearer picture of the patterns
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of year to year and seasonal variations, and the relationship of these
changes to changes in other circulation statistics. \

2. Investigate more extensively the errors which now limit the
usefulness of the vapor balance equation. It would perhaps be most
productive to first investigate more thoroughly the characteristics of the
diurnal wind and flux variations during the summer months. All avail-
able wind and humidity data should be used, including a careful use of
pibal data. Since interest in diurnal wind variation extends beyond the
area of humidity studies, it might be worth considering the possibility
of initiating a program of four daily observations for part of the existing
North American rawinsonde network for a limited period, perhaps for
three summer months. This would provide the data from which to make
a more definitive study of these phenomena.

3. Investigate more thoroughly the three dimensional structure
of the flux and flux divergence.

4. Carry out more detailed regional waterbalance studies. Such
studies should, at present, be limited to regions large enough to provide
reliable results.

5. It would be of value to study periods shorter than one month;

perhaps even as short as a single day. One might then be able to better

estimate the standard error in mean monthly computations on various
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scales.

It is probable that much can be learned by choosing homogeneous
periods for study: for example, dry periods following a period of heavy
precipitation, and periods of heavy precipitétion.

6. Atmospheric humidity studies which must rely on hand analy-
ses are seriously limited by the great amount of time required for plot-
ting, analyzing, and grid point feading. The use of objective analysis
techniques for the determination of the flux divergence should therefore
be investigated. This problem is now being investigated by personnel
of Travelers Research Center. Preliminary results appear promising,

particularly when applied over areas the size of the United States.
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Figure 2. Vertically integrated mean total water vapor flux vector
field, @& , 1958. (From Peixoto and Crisi, 1965).



Figure 3. Vertically integrated mean total zonal water vapor flux,
@A , 1958. Units: 102 gm (cm sec)~l, (From
Peixoto and Crisi, 1965),



Figure 4. Vertically integrated mean total meridional water vapor
flux, Qg , 1958. Units: 102 gm (cm sec)™l. (From
F?éixoto and Crisi, 1965).
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5)\ , 00 GMT; July, 1962. Units: 102 gm (cm sec)”L,
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Figure 11. Vertically integrated mean total zonal water vapor flux,

Q. - 12 GMT; July 1962. Units: 102 gm (cm sec) 1,



-A-12-

Q ¢ July 196
0000GMT

Elevation
Hundreds of fee) |

Station Mumber

*>

Figure 12. Vertically integrated mean total meridional water vagor
flux, 59, , 00 GMT; July, 1961. Units: 102 gm (cm sec)™",
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Figure 14. Vertically integrated mean total meridional water vapor flux,
Qg - 00 GMT; July, 1962. Units: 102 gm (cm sec)™ L.



-A-15-

Qg July 196
200 GMT

#*

Elevation
VHundreds of fees )

Station Number
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Figure 16. Vertically integrated mean total zonal water vapor flux,
&, > 00 GMT; January, 1962. Units: 102 gm (cm sec)'l,
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Figure 20. Difference, (12 GMT-00 GMT)/2, of the vertically inte-
grated mean total zonal water vapor flux; June-August,
1961 and 1962. Units: 104 gm (cm sec)~1,



-A-21-

kioe e
\ Hge

Q4 (12-00)
2-00

Elevoton

Symmer {Hundreds of fegr )
Stalion Numper

Figure 21. Difference, (12 GMT-00 GMT)/2, of the vertically integrated
mean total meridional water vapor flux; June-August,
1961 and 1962. Units: 102 gm (cm sec)~L
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Figure 24. Difference, (12 GMT-00 GMT)/2, of the vertically integrated
mean total meridional water vapor flux; December-February,
1961-62 and 1962-63. Units: 10% gm (cm sec)™L
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at the first two standard levels (50 mb intervals) above the
ground for July 1961 and 1962, Units: meters sec~1,
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Figure 34, Difference, (12 GMT-00 GMT)/2, of mean total zonal water vapor flux. 10°N-83°N;
80°W. July, 1961 and 1962. Units: gm (cm mb sec)™L,
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Figure 38. Mean total water vapor influx-west coast. 32.5°N-61°N. January, 1962 and 1963.
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Figure 43. Hodographs: ¥ and V¥ . Oklahoma City-Tinker AFB.
Upper left: diurnal variations at the surface, 950, 900, 850
and 800 mb. GMT observation times given . 00 and 12 GMT
observations taken at Oklahoma City; 06 and 18 GMT obser-
vations taken at Tinker AFB. Data for June-July 1961.
Upper right: W , Oklahoma City and Tinker AFB.
Lower: Fv and ¥ for Oklahoma City for the period
July 1961-1962. The origin is denoted by a solid circle.
Pressure is given in hundreds of millibars. ''S'" denotes
surface value.
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are the differences between the mean of the 12 GMT and
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for July, 1957 (o-a) and July 1958 (o-b).




-A-48-

131.25

128.75

126.25

123.75

121.25

118.75

116.25

113.75

111,25

108.75

106.2%

103.75

101.25

=4
MAY AVERAGE

11.2%

o

.15 T1.25

<—— Laotitude —

162.50
157.5%0
v- 6 152.50
May 1961
Units cm/ma -25 147,50
1 142.50
o 137.50
13.75 16.25 18.75 21.25 23.75 26.25 28.75 31.25 33.75 36.25 38.75 41.25 43.T75 46.2% 48.75 51,25 53.75 56.2
& 132.50
o ] o o o L] o o o o o o L o o o
0 0 Ll o L) L] o o o o L] o o ] o
T 127.50
0 o o o ] L] o ] L] o
o o a o o L] o o o
1c 1R2.50

.50

apniBuo]

=2 =2 1250
0 0 0 0
o o o o

-3 -3 107.%0
° o o
0 o

-3 -5 102.350

91.50

92.50

8T.50

T7.50

T2.50

6T.50

62.50

57.50

Figure

46. Mean monthly divergence of the vertically integrated water

vapor flux. May, 1961. Units: gm (cm2 mo)~1.



-A-49-

131.25

128.75

126.25

123.75

121.25

118,75

116.25

113.75

.25

108.75

106.25

103.75

101.25

98.75

<—— Latitude ——

v-Q
June

196l

Units : cm/mo

ey
JUN AVERAGE

11225 13.75 16.25 18.75 21.25 23.75 26.25 26.75 31.25 33.75 36,25 38.75 41.25 43.75 46.25 48.75 51.25 53.75 56.23

17 T -y
TR T '1
FEREE D T Y
R
4 0 1 1

58,75 61,25 63.35-46.25 6873 71,29
162,50
157,50
152,50
- 147,50
142.50
-4 1IT.%0
-4 132.50
0 0 LI}
] [ 0
-5 121.30
! I
2 2 & T 12p.%0
4 28 ld -6
[
- I5
1 e l: L o
-1 s 9 9 150
6 19 { -3 '-E
i =
s S_
on s -z [} -
- i 112.50
17 3 1 3 3
- I
. 1 q 2 T B
| 107.50
& 15 1 s s T
|
T 4 4 s .
| 102.50
) . ? ) T
3 -1 { 1 ¢ -2
97.50
-1 - 4 13 1 -3
i
2 T o TR
i
I 15 200 92.50
12 6 () T - -5
(
1 8 L] -1

Figure

47.

vapor flux.

June, 1961.

Mean monthly divergence of the vertically integrated water

Units: gm (em“ mo)™*.



~A-50-

131.25

12

126.25

123.75

12125

118.75

116.25

113.75

111.25

108.75

106.25

103.75

101.25

98.75

96.25

93.75

91.25

88.75

86.25

83.75

81.25

95t
JUL AVERAGE

162.50
157.50
V . 0 152.50
July 196l
Units = cm/mo 1130
142.50
1 137.50
11425 13.75 16.25 18.75 20.25 23.75 26.25 28.75 31.25 33.75 36.25 30.75 41.25 43.75 #6.25 48.75 51.2% 53.7% 56.2
-1 132.50
) o (] ] ] L] 0 ] L] 0 o L] 0 L) L]
o ] L] ] o o o o L] ] 1] L] o 0
-9 127.50
[ [ L] o 0 L] 0 o o o o
o [] ] o [] ] [ o 0
=2 12.50
o o o L] ] ] o o
—
o ° ° [ o
=)
-4 &7 .50
© [ ° o -
[
(=%
] o ° [] )
=5 1p2.50
o o o L]
© o L] o
10 -1 107.50
o 0 L]
[
=1 -2 102.50
o
']

25 6875 T1.25

<— Lotitude —

=1 97.50

92.50

87.50

82.50

17.50

12.50

87.50

62450

57.50

Figure

48.

Mean monthly divergence of the vertically integrated water
vapor flux. July, 1961. Units: gm (cm?2 mo)-1.
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Figure 49. Mean monthly divergence of the vertically integrated water
vapor flux. August, 1961. Units: gm (cm2 mo)~1,
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Figure 51. Mean monthly divergence of the vertically integrated water
vapor flux. October, 1961. Units: gm (cm?2 mo)-1.
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Figure 52. Mean monthly divergence of the vertically integrated water
vapor flux. November, 1961. Units: gm (cm?2 mo)-1,
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Mean monthly divergence of the vertically inttzagrated water
vapor flux. December, 1961. Units: gm (cm mo)~1.
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Figure 54. Mean monthly divergence of the vertically integrated water

vapor flux. January, 1962. Units: gm (cm2 mo)-1,
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Figure 55. Mean monthly divergence of the vertically integrated water
vapor flux. February, 1962. Units: gm (cm? mo)-L.
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Mean monthly divergence of the vertically integrated water
vapor flux. March, 1962. Units: gm (cm2 mo)~1.
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57.

Mean monthly divergence of the vertically integrated water
vapor flux. April, 1962, Units: gm (cm2 mo)-1.
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Figure 58. Mean monthly divergence of the vertically integrated water
vapor flux. May, 1962. Units: gm (cm?2 mo)-1.
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61. Mean monthly divergence of the vertically integrated water
vapor flux. August, 1962, Units: gm (cm2 mo)~1.
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Figure 62. Mean monthly divergence of the vertically integrated water

vapor flux. September, 1962. Units: gm (cm2 mo)-1,
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Mean monthly divergence of the vertically integrated water
vapor flux. October, 1962. Units: gm (em?2 mo)-1,
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Mean monthly divergence of the vertically integrated water
vapor flux. November, 1962. Units: gm (cm?2 mo)-1.
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Figure 65. Mean monthly divergence of the vertically integrated water
vapor flux. December, 1962. Units: gm (cm2 mo)‘l.
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Figure 66. Mean monthly divergence of the vertically integrated water

vapor flux. January, 1963. Units: gm (cm?2 mo)-1.
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Figure 67. Mean monthly divergence of the vertically integrated water
vapor flux. February, 1963. Units: gm (cm2 mo)~1.
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Figure 68. Mean monthly divergence of the vertically integrated water
vapor flux. March, 1963. Units: gm (cm2 mo)-1.
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Figure 69. Mean monthly divergence of the vertically integrated water
vapor flux. April, 1963. Units: gm (cm? mo)~1,
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May 1961-April 1963. Units: gm (cm yr)~1,
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Figure 78, Total net annual flux across selected boundaries. Upper
figure is total for May, 1961-April, 1962; lower figure
for May, 1962-April, 1963. Flux is positive in the
direction of the arrow. Total annual flux divergence is
shown for each enclosed area. Units: 1013 kg/yr.
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Figure 79. Mean monthly vertically integrated water vapor flux across
various sections of the boundary around the Gulf of Mexico
and Caribbean Sea, May 1961-April 1963. Units: 108 kg sec™ !,
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Figure 80. Mean monthly vertically integrated water vapor flux across
various sections of the boundary around the Gulf of Mex1co

and Caribbean Sea, May 1961-April 1963. Units: 108 kg sec™!.
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Figure 81. Mean monthly vertically integrated water vapor flux across
various sections of the boundary of Northern North America,
May 1961-April 1963. Units: 106 kg sec™1,
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Mean monthly vertically integrated water vapor flux across various sections of the
boundary of the United States and Southern Canada, May 1961-April 1963.
is the net mean monthly inflow to the area. Units: 106 kg sec1,
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Figure 84.

-A-88-

Water balance of the Caribbean Sea, May 1961-Arpil 1963.
Upper: Difference between mean monthly evaporation and
precipitation, {E-Py , evaluated by means of the water
vapor balance equation. Also shown are mean monthly
climatological estimates of evaporation, <E) , by Bud-
yko (1963) and Coldn (1963).

Lower: Values for mean monthly precipitation which re-
sult when <E_-—P7 is subtracted from the evaporation
estimates of Budyko and Coldn.
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Figure 85.
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Water balance - Gulf of Mexico (upper) and Central
American Sea (lower), May 1961-April 1963. The difference
between mean monthly evaporation and precipitation,

{E-P> , is evaluated by means of the water vapor balance
equation. Mean monthly climatological estimates of evapo-
ration, <EJ are from Budyko (1963). The derived values
of precipitation are obtained by subtracting <E-P> from

<E” .



cm/mo

cm/mo

-A-91-

Annuol = 174 cm |
O -

Gulf of Mexico -

Central American Sea

ob* Joqa \O\Annuol =176 cm
. s
1al 'G\ 7\0 .7 -0 .

Annual E-PY
=87cm |

-




Figure 86.

<P-E>
United States , Canada and Alaska
7+ Area = 170 x 105 'km2

cm/mo

<P -E>
Northern North America
Areo = 83.x IO5 km2

-26-V-

cm/mo
[
T

| ! { ] 1 1 1 1 1 1 1 { 1 |
M J J A S (0] N o] J F M A M J J A S (o] N D J F M A

1961 1962 1963

Mean monthly difference between precipitation and evapotranspiration, <P—E/\/’ . Upper:
United States, Canada and Alaska. Lower: Northern North America. <P-E> is
evaluated from the water vapor balance equation.
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Water balance of the United States-Southern Canada. Surface and subsurface storage,
£5>, represents the change from conditions on May 1, 1961. Runoff, <RO2, is the
total streamflow from the area. The difference between precipitation and evapotrans-

piration, <P-E> , is evaluated by means of the water vapor balance equation.
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Figure 88. Mean monthly surface and subsurface storage changes
computed for May 1961-April 1963 by means of the water
vapor balance equation, and changes computed by Van
Hylckama (1956). Upper: United States-Southern Canada.
Lower: Eastern Region.
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Figure 89.
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Upper left: Estimated precipitation, <P> , United States
and Southern Canada (except Nelson Basin), for the period
May 1961-December 1962, based on data from LaRue and
Younkin (1963). Evapotranspiration, < E)> , computed

by means of the water vapor balance equation. & indicates
the mean precipitation, and evapotranspiration obtained

for February, 1962, using precipitation reports from
climatological summaries.

Lower left: Mean monthly evapotranspiration for the
Eastern Region, and the Western and Central Plains
Region (except Nelson Basin), computed by means of the
water vapor balance equation. Precipitation for the
Eastern Region is estimated from climatological summaries.
Data is from the period May 1961-December 1962.

Upper right: Percentage of total monthly storage loss due
to streamflow; United States and Southern Canada.

Lower right: Percentage of total monthly storage loss due
to streamflow; Eastern Region.,
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Figure 90. Water balance-Western Region. Storage <S> represents the change from conditions
on May 1, 1961. Runoff, <ﬁ(-))) is the total streamflow from the area. The difference
between precipitation and evapotransporation, <P-E> , is evaluated by means of the
water vapor balance equation.
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Figure 91. Water balance-Central Plains and Eastern Region. Upper:

Water balance components. Storage, <S> , represents the
change from conditions on May 1, 1961. Runoff, <RO) , is

the total streamflow from the area. The difference between pre-
cipitation and evaporation, <P-E) , is evaluated by means of
the water vapor balance equation. Lower: Mean monthly instan-
taneous outflow from the region, <VTQ> , 00 GMT and 12 GMT.
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Figure 92. Water balance-Central Plains Region. Storage, <S> , represents the change from
conditions on May 1, 1961. Runoff, <RO), is the total streamflow from the area. The

difference between precipitation and evapotranspiration, <P-E> , is evaluated by means
of the water vapor balance equation.
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Figure 93. Water balance-Eastern Region. Upper: Water balance com-
ponents. Storage, <S> , represents the change from conditions
on May 1, 1961. Runoff, <RO) is the total streamflow from the
area. The difference between precipitation and evapotranspiration,

<P-E)> is evaluated by means of the water vapor balance equa-
tion. Lower: Mean monthly precipitation obtained from climato-
logical summaries. Mean monthly evapotranspiration is obtained
by means of the water vapor balance equation.



Figure 94.

6 .
g 4f i
~
§ob i

0

_of i

°
10 o Great Laokes - Ohio Basin Drainage .
. ’ Area = I3 x 10 km?
8- o : <FE> -
: o --— (RO>
& —-— <S> total area b
N ©. ¢Sy area exclusive of Gt. Lakes

4 : A\ A ]

2r 0 /Y \r—@\ O-.' Beeee O, =

0 -, ‘e\

) B e -~ N
ol \\v./ Dares N ° ]
-0t °... ° AN |
‘e., kS
-12F ) % -

1961 1962 1963

Water balance-Great Lakes-Ohio Basin Drainage. Storage, <S> , represents the
change from conditions on May 1, 1961. Runoff, <RO)> , is the total streamflow

from the area. The difference between precipitation and evapotranspiration, <P-E> ,
is evaluated by means of the water vapor balance equation.
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Figure 9s5.

-A-104-

Water balance-Great Lakes Drainage (left) and Ohio Basin
(right); May 1961-April 1963. Upper left: Mean monthly
values of the difference between precipitation and evapotranspira-
tion, <P—E) , evaluated by means of the water vapor
balance equation. <RO, is the total streamflow from the
area,

Lower left: Mean monthly surface and subsurface storage
changes computed by means of the water vapor balance
equation, and changes computed from Van Hylckama (1956).
Upper right: Mean monthly values of <P-E)» , RO,

and storage, <85> . <P-E» and <S> are obtained through
use of the water vapor balance equation.

Lower right: Mean monthly precipitation, <P, obtained
from climatological summaries. Mean monthly evapotrans-
piration, <-E} , obtained by means of the water vapor
balance equation.
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Figure 96. Vertical distribution of net water vapor outflow,(V-S\—/) s
January, 1962, 1963 and July, 1961, 1962. The western
area is bounded on the south by 30°N (100°W-105°W) and
32. 5°N (105°W-Pacific Coast); on the north by 47. 5°N,
and extends from 100°W to the Pacific Coast. The eastern
area is bounded by latitudes 30°N and 47. 5°N, and longi-
tudes, 80°W and 100°W. <VZ'V) is an average over
the total enclosed area.
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Figure 97. Mean annual divergence of the vertically integrated water
vapor flux. May 1961 - April 1963. Units: cm yr-1,
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Figure 98. Mean seasonal divergence of the vertically integrated water
vapor flux. Spring (March-May). Units: cm 3 mo~1,
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Figure 99.
vapor flux.

Summer (June-August).

Units: cm 3 mo~1,

Mean seasonal divergence of the vertically integrated water
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Figure 100. Mean seasonal divergence of the vertically integrated water
vapor flux. Fall (September-November). Units: cm 3 mo=1.
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Figure 101. Mean seasonal divergence of the vertically integrated water
vapor flux. Winter (December-February). Units: cm 3 mo~!.
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Figure 102. Mean seasonal difference, (12 GMT-00 GMT)/2, of the
divergence of the vertically integrated water vapor flux.
Summer (June-August). Units: cm 3mo=~1,
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Figure 103. Mean seasonal difference, (12 GMT-00 GMT)/2, of the
divergence of the vertically integrated water vapor flux.
Winter (December-February). Units: cm 3mo~1!,
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Figure 104. Mean annual vertically integrated total zonal water vapor
flux. May 1961 - April 1963. Units: 102 gm (cm sec)-1,
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Figure 104." Mean annual vertically integrated total zonal water vapor
flux. May 1961 - April 1963, Units: 102 gm (cm sec)-1.
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Figure 105.

Mean annual vertically integrated total meridional water
vapor flux. May 1961 - April 1963. Units: 102 gm (cm sec)"1.
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Figure 106. Year to year difference in the mean annual vertically integrated
total zonal water vapor flux. (May 1961 - April 1962) - (May 1962 -
April 1963). Units: 102 gm (cm sec)-1,
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Figure 107. Year to year difference in the mean annual vertically integrated
total meridional water vapor flux. (May 1961 - April 1962) - (May
1962 - April 1963). Units: 102 gm (cm sec)~1.



