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ABSTRACT

The atmospheric water balance computation is used for two distinctly
different kinds of applications in this paper. First, the atmospheric
water balance is used to infer the exchange of water at the earths surface
over the upper Colorado River Basin. Through the observation of the fluxes
of water vapor over the basin and the observation of the changes with time
of water stored in the atmosphere over the basin this exchange, precipita-
tion minus evaporation,is determined, Thirteen winter seasons (1957-1969)
were studied, twelve-hourly computations were accumulated from November 1,
through April 30 and the resulting seasonal accumulation of water was
correlated to the succeeding twelve months discharge from the basin. The
results of this portion of the study, using the thirteen winter sample,
are not encouraging. The correlation between runoff and accumulation is -
r =0.54. This correlation is made up of two distinct chronologically
ordered inputs. The first seven years show a remarkably good correlation
r=0,82. The final six years contain most of the scatter r=0.34 . Recent
evidence of systematic errors in the measurement of humidity are presented
as a possible cause of this deterioration in correlation between the com-

puted precipitation minus evaporation and annual river discharge.

The second application of the water balance technique was centered
on the study of the precipitation mechanisms within large extratropical
cyclone storm systems, Here we show the circulation of mass and moisture
within the storm system and demonstrate the relationship of this circulation
to the production of precipitation. The ratio of precipitation rate to
condensation rate is shown to be 0,90 for two storm cases, The condensa-
tion is shown to be largely formed at quite warm temperatures (warmer
than -10° C). Finally a very localized intense band of precipitation is
investigated and a hypothesis presented that suggests the localized pre-
cipitation extreme is related to the dynamic effects of a low level wind

configuration initiating convective activity.



PART I

Atmospheric Water Balance and Annual Flow of the Upper Colorado River

1. Introduction

The ability to forecast river flow with a lead time of six to twelve
months is becoming more and more important as the development of the water
resource system increases. This is particularly true in the water re-
source conscious arid regions, The purpose of this paper is to summarize
research into the possibility of using the atmospheric water balance tech-
nique to compute the water available for runoff from the Upper Colorado
River Basin and to relate this to the actual runoff, The Upper Colorado
derives most of its annual flow from the melt of snow in the alpine and
forest zones of the Central Rocky Mountainsj this built-in lag between
the period of accumulation (November to April) and the succeeding twelve
month runoff period (April to March) provides a desirable, if not opti-
mum, forecast lead time,

The terristrial water balance of a river basin may be written:

P - E =Re + S¢ I.1.1
where P and E are the rates of precipitation and evapotranspiration over
the area of the basin respectively. Re is the rate of discharge of water
from the basin, the runoff, and Se is the change in storage of surface
and ground water. The measurement of precipitation is difficult from
both mechanical and sampling points of view (e.g. Weiss and Wilson, 1958;
La Rue and Younkin, 1963). This difficulty increases when one seeks a
representative precipitation estimate for a large mountain region (e.g.

McDonald, 1960; Rasmussen, 1970a). Practically any textbook on applied



climatology addresses. the problem of the difficulty in measuring evapo-
transpiration and no‘really dependable computational technique is suitable
for a large mountanous region. The aim of the research teported herein
is to evaluate an alternative tecﬁnique in the estimation of P - E so that
réliance upon the more difficult direct measurements and/or emperical
methods are less critical. The anélogous equation for the atmosphere's
water balance is:

AP—E=—Ra—Sa I.1.2
Ihere the Rz is net outflow of water, ice and vapor from the atmospheric
volumn above the basin and Sg is the change of storage of water, ice and
vapor in the volume., Measurement of the rightvhand side of I.1.2 pro-
vides the alternative scheme to estimation of the P -~ E in the terrestrial
‘water budget I.1.1. The details of the atmospheric data availability
and errors are discussed in the literature, for example Palme; (1967) or
Rasmussen (1970a) and the reader is referred to these articles as well as
a more specific paper, Rasmussen (1970b);pertainigg to this research pro-
gram,

The scheme outlined above is illustrated in the diagram of Figure 1

P-E=-R-S,
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Figure 1. The atmospheric water balance and hvdrologic balance.
Dimensions are mass of water per unit tine.
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Our goal there is to measure the fluxes of water and vapor into and out
of the volume,as well as the change of storage within the atmospheric
volume,this yielding a measure of exchange of water at the earth's sur-
face. This exchange accumulated over the winter season then will be used
to determine a relationship with annual runoff (Rg), assuming the change

of storage in the terrestrial branch is known.

2. Procedures

Rasmussen (1968) gives, in detail, the computational procedures used
in computing the atmospheric water balance. The following sketch of pro-
cedures is not meant to provide elaborate instruction, rather it is merely
inserted for completeness.

The basic data imput is the standard rawinsonde network data taken
twice daily at 0000Z and 1200Z (0500 and 1700 MST) over the network shown
as open circles in Figure 2, These data (humidity, temperature and wind)
were evaluated at 50 mb increments and interpolated to the nine-point
boundary grid shown in Figure 2, Grid point 10, the interior point, is
the location of the Grand Junction rawinsonde also. We wish to use these
data in the estimation of the right-hand side of equation I.1.2. No con-
tribution due to water or ice terms in I,1.2 can be systematicaily estimated.
Rasmussen (1970a) provides an argument demonstrating that these terms are
small compared to the water vapor terms., Following that argument I.1.2 may

be written.

Sl (2 _1 |
P-E-= s JI T qdAdp g JJ Ch, q d& dp I.2.1
| - v § " 4
A N

where g is the acceleration of gravity, t is time, q is specific humidity,



A is surface area, p is pressure, C, is the component of the horizontal
wind normal to the boundary and counted positive outward, d? is a hori-

zontal line element on the boundary.

Figure 2. Ten-point grid used in the study, (solid dots). Open
‘ circles are locations of rawinsonde stationms.



The evaluation of the integrals in I.,2.1 done using the 9 point

grid of Figure 2, follows the following computational form:

7 10 7 9
1A 1
P-E=-=="— 7 § q,. 0 AqsA -= ] 1 c jALy5Apig 1.2.2
i 1§ 8 Pij N1j49ij8%1j0Pij L.4.
A4 A ’
Sa Ra

where the index j refers to the seven possible vertical stratifications

and the index i refers to the grid points numbered as in Figure 2. Again,
the reader is referred to the article by Rasmussen (1970a) for further dis-
cussion.

The evaluation of P - E was done on a daily basis where two computa-
tions of the integral R, were averaged to provide daily estimate. The term
Sa is only important in cases where a relatively short time is involved in
the computation. Over a longer period of time the time difference of the
integral is indeed small compared to Ra and this term need not be evaluated,
These daily values then were accumulated over the winter season and a
seasonal value of P -~ E was determined.

Runoff data from the Upper Colorado Basin has histroically been refer-
enced at the gauging station at Lee's Ferry, Arizona (e.g. Yevjevich, 1961).
With the construction of Lake Powell upstream from Lee's Ferry, the flow
of the Colorado has been remaining constant around 8 million acre feet per
year., In order to obtain an estimate of the undisturbed flow sum of the
flows at Green River on the Green River, Cisco on the Colorado River and
Bluff on the San Juan River (this sum denoted by Re*), were regressed against
the flow at Lee's Ferry. The following equation describes the regression.

Re (Lee's Ferry) = 1.07 Re* - .24,

A correlation coefficient r = .95 between Re and Re* was obtained.



3. Results

Table I. gives the results of the experiment over the winter seasons,
1957 through 1969. The Year indicates the year in which the season ends,

for example, 1957 refers to November, 1956 through April, 1957.

Table I: Compilation of Results, Water Balance Computation and Runoff.

Year P - E (cm) Re (cm)
1957 27.5 8.8
1958 17.3 5.5
1959 19.2 3.5
1960 22,2 4.0
1961 20.0 3.9
1962 22.6 5.9
1963 16.5 0.8
1964 18.0 3.6
1965 26.8 7.7
1966 23.5 3.6
1967 25.5 4.2
1968 31.0 5.4
1969 15.6 5.8

Figure 3. shows seasonal P - E plotted against annual runoff. The points
representing the years through 1963 are plotted as dots and one notices a
dramatic change in the quality of result prior to and following 1964. The
correlation coefficient between P - E and Re for the period 1957-1963 is
r= 0.34. The correlation coefficient for the entire period is r = 0.54,.
After running numerous tests on the computation including investigating

6'
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individual computations including comparison of 0000Z and 1200Z computa-
tions, no explanation could be offered for this seeming discontinuity in
result. Recent concern with the humidity sensor that was put into opera-
tional use in 1964 has been articulated in the literature (e.g. Morrissey
and Brousaides, 1970; Tewels, 1970). This source of systematic error,
largely unidentifiable in individual soundings, could be dominant in the
calculation divergence of water vapor flux as done in equation 1.2.2.
Errors of the type referred to above can be corrected in the original
sounding if the radiation loading and effects of sensor ventilation are
known. No tests to date on historical data have been done, but it is ap-
parent that until further research is done, computations of the type at-

tempted here are not worthwhile.

4. Conclusions and Recommendations

The initial test of data over the years of record 1957-1963 provides
some element of hope that the atmospheric water balance technique could
be a useful tool in the estimation of P - E over large mountainous areas.
However, further computations over years of record beyond 1964-1969 sug-
gest that the computation is insensitive when compared to the annual run-
off. The relationship that exists between the P - E computed and the R0
realized cannot be used for forecast purposes. It is suggested that the
paradox is rooted in errors of humidity measurement associated with a
change in instrument instituted in 1964, Further research should center
on two central themes.

1) The study of the error sources of past data and engineering cor-

rections applied where possible.



2) Renewed effort to calibrate with like standards, on an international
as well as national basis, all meteorological sensors. Particular emphasis

must be placed upon the measurement of humidity.
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PART 1I

Atmospheric Water Balance and Precipitation Regimes of Extratropical
Cyclones

1. Introduction

The study of the atmospheric water balance of the Upper Colorado
River has shown that the dominant factor in the seasonal water budget is
the occurance or non-occurance of large precipitation events (Rasmussen,
1970; Marlatt and Riehl, 1963). This feature of the annual precipitation
regime is not confined to the Colorado Basin alone, similar results are
observed over the rest of the Western U.S., as well (Rasmussen, Bertolin
and Almeyda, 1971). Invariably, these large precipitation events are
produced by large, synoptic-scale, cyclones. It is presumed that the
errors in the humidity sensors referred to in Part I, above, would be
minimal in the application of such data to these studies since the met-
eorological conditions of overcast skies, strong gradients of humidity
and temperature and strong divergence fields are the rule in these storm
systems,

The objective of this paper is to report results of synoptic-scale
analyses of the precipitation process of extratropical cyclones. Moti-
vation for this work is derived from the importance of the cyclone in the
hydrometeorological setting of the problem of water resources. We wish to
present this material as a step in the understanding of the synoptic-scale
precipitation processes leading toward a more complete base of knowledge
upon which we may understand the systems which we attempt to modify through
cloud seeding. Specifically we wish to show:

1. The precipitation pattern with respect to the moving story system;

12.



2. The transport of water vapor in the atmosphere resulting in the
observed precipitation; and
3. The determination of the rate of condensate formation and cal-
culation of the efficiency of the cloud system,
The following discussion is based upon the study of two storm sys-
tems that traversed North America in February, 1961 and January, 1967.
The 1961 case was an ''average system yielding precipitation over a wide
area but with no conspicuously large local accumulations. The 1967 storm
system, on the other hand, was characterized by a band of heavy precipi-
tation stretching from Michigan southwestward to Eastern Kansas. (Figure 1)
This storm has been known as the '"great Chicago snowstorm of 1967" (Smith,
1967). A fourth objective of this paper is to sketch out an idea we pro-

pose as a mechanism for this locally heavy precipitation anomaly.

2. Analysis

Our method of analysis is based upon superimposing a rectangular

grid system centered on the moving surface low pressure center (grid area

0o 0]

6° X 8° latitude in the 1961 case and 8° X 12° 1latitude in the 1967 case).
(Figure 1) All our results then must be interpreted as being relative to

the moving storm system. Figures 2a and 2b show the path of the cyclone
centers as the storms traverse the continent., The dots and circles denote
the locations of the hourly precipitation gauge data used in the analysis.
We determined the precipitation relative to the moving storm center through
the following analysis procedure.

1. The hourly increments of the path of all the gauges were determined

and the hourly precipitation noted for each increment (Figure 2c).

13.



Figure 1 Left: Storm track and grid locations for 1961 case, Right:
Storm track and precipitation belt (snow depth greater than 10 inches)
for 1967 case. Open circles on the left and squares on the right de-

note locations of rawinsonde stations.

—
d

Figure 2 a, and b.: Storm tracks and hourly precipitation stations
used in the analysis. c.: Typical station paths through the
grid area with hourly values entered, d.: Area averaging grid.
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2. After all the data were accumulated for all possible stations
during the period * 3 hours from the 0000Z and 1200Z map times,
average quantities were calculated for each box of the grid
shown in Figure 2d.

3. These 130 average values were analyzed yielding the precipitation

maps shown in Figures 3 and 4.

Note that the precipitation maximum relative to the storm center, in
both cases, moves across the grid with time. This reflects the movement of
the frontal systems as the storm occludes in the 1961 case and reflects
some unusual features of the low level wind field in the 1967 case. We
will discuss this problem in the last section of this paper. The local
intensities of precipitation and area averaged precipitation are surpriz-
ingly uniform for the two storms. The area average precipitation for

each analysis period is presented in Table I.

Atmospheric water balance: We computed the atmospheric water budget
of these two systems, our objective was to study the divergence of flux of
water vapor through the atmospheric volume over the rectangular grid. We
wished to determine the quantity precipitation minus evaporation as a
residual and compare this quantity to the gauge precipitation, assuming
the evaporation to be small.

The atmospheric water balance may be written (e.g. Palm;n, 1967;

Rasmussen et al., 1969):

)
P=-E-= = —a—t-f qp(S V - f Cnrqpéc 11.2.1

15,



2 :,\,o. I ‘c‘
Figure 3. Precipitation pattern for 1961 case (inches per hour).

a, 18 February 0000Z, b, 18 February 1200A.

c. 19 February 0000Z.

a b

277,00

c ) . (in/12he) d

Figure 4, Precipitation pattern for 1967 case (inches per 12 hours).
a. 26 January 0000Z., b. 26 January 1200Z.
¢. 27 January 0000Z, d. 27 January 1200Z.
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where: p = density of air V = volume
P = precipitation rate Ch = wind component relative to the
E = aporation rat moving storm normal to vertical
evapo n rate boundary, positive outward
q = specific humidity o = surface area of vertical wall of
volume.

This equation was evaluated over the grid shown in Figure 5 for 50 mb

steps in the vertical up to 200 mb. The correlation term (qu) was

4 3 2 1
5 19 14
6 18 17 20 16 15 13 -
Direction
of motion
7 i) 12
8 9 10 n

Figure 5. Grid over which the evaluation of equation was ac-
complished. Central point (no. 20) in storm center location.

broken into mean (ageostrophic) and deviation (eddy) components in the

finite difference formulation (see Rasmussen et al., 1969).

top top A top

Ap s — - P
_p=4 qs P17 13 (€ @5 3 _ 7. %p
R L e A 1= z1j(cn‘1)j—g‘i I1.2.2
j=sfc j=sfc j=sfec
where: P = pressure
1 = distance on boundary
A = area on pressure surface
N

= area average
- = boundary average

= boundary deviation from average.
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Each of the terms of eqﬁation 11.2.2 contributes significantly to the
water budget of the cyclone., Figure 6 shows the time rate of change of
precipitable water in the 1967 case; the rate of change over 12 hours ap-

proaches the yield of the system. The 1961 case exhibits a similar pro-

file with time and the maximum denotes the time with the largest volume

a5

N
/

7N

»
T

\

5

PRECIPITABLE WATER (cm)

o
o

25/122 26/002 26/122 27/002 27/12Z 28/002
TIME

Figure 6. Variation in time of the water vapor stored in the
atmospheric volume. Units are equivalent depth of water
evenly distributed over the area, precipitable water.

of maritime air in the system. Figure 7 shows the vertical section of

the mean and eddy divergence of flux terms. The meaﬁ terms are dominant

in the lower levels showing the iﬁportance of the ageostrophic wind field.
Aloft the eddy term often is positive in contribution Showing a correlation

between outflow and moist air in conjunction with inflow and dry air.

Vertical integration of the terms results in the values shown in Table I.

18.
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Condensate computation: The structure of the storm, showing a source of
water from the strong ageostrophic wind field near the surface and the
fact that for the total atmospheric volume the computation of mass flow

shows that mass-balance was attained (Figure 8.), lead ds to attempt to

200 -

Figure 8: Vertical profile
of mass divergence in the so0}- 1
atmospheric volume.

600 |-

PRESSURE (mbd)

1000 - e

1 i1 1 i A e A Iy A A
“i2 -0 -8 -6 -4 -2 ] 2 4 . [ [T}
MASS DIVERGENCE (x 10" gm/sec)
27 JAN 1967 00002

calculate the rate condensate formation by determining the mass ascent
of various thermodynamically homogenous sections of the storm. Our
analysis 1is based upon the assumption that the air conserves its equivalent

potential temperature: (Rasmussen, et al., 1969).

La
<) = 0 CpTs 11.2.3
e d exp 2.
where: ©0d = dry potential temperature Cp = gpecific heat at constant
_pressure and
L = 1latent heat of vaporization
T = temperature of the ailr parcel

at saturation

20.



The analysis follows the following procedure:
1. Each grid point has a rate of mass inflow or outflow of a
certain Oe. We group these 0, values into groups of 5°¢c
range and proceed to determine the vertical mass flows for

each group. The accumulation is initiated from the bottom,

2, Having the vertical mass flows then and knowing the initial
conditions, the air is followed to saturation from where the
condensate 1s calculated from the change of saturation speci-
fic humidity following the rising cloud mass in constant Og

process.

3. The condensate is accumulated over all ascending masses to

yield the values representative of the storm.

Table I also lists the results of the condensation rate computation.
On the average this rate of condensate leads to storm efficiencies of 0.90,
where efficiency is defined as the ratio precipitate to condensate. One
may interpret this to be quite high in light of other estimates of cloud
efficiency, for example of orographic clouds which have efficiencies on
the order of 0.20.

Figure 9 shows the distribution of condensate formed as a function
of temperature. As one might expect in storms with the mass flow charac-
teristics of these cases the predominate condensate formation is at a
surprisingly warm temperature. Note as the storm matures the shift is

toward a more uniform distribution of condensate formation with temperature.

Figure 10 is the composite condensate picture of all time periods of both

storms. Since cloud seeding affects the growth characteristics of droplets

21,
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Figure 9. Distribution of condensate formed as a function
of cloud temperature. Top: 1961 case. Bottom: 1967 case.

22.



TEMPERATURE (°C)
|
n
o

10

20 '
o 10 20 30 40

PERCENT TOTAL RATE OF CONDENSATE FORMATION
COMPOSITE 1961 and 1967 STORMS

Figure 10. Distribution of condensate formed as a function of cloud -
temperature. Composite of all time periods.
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at relative warm temperatures the forcing of cloud seeding on storm

systems with this condensate profile could be dramatic.

The snow belt -- January 1967 storm: It is of interest to investigate
further the unusually heavy precipitation band extending from northeast
Michigan southwestward into Missouri. (see Figure 1.) We will briefly
sketch a proposed mechanism producing this anomaly. A more detailed
analysis will soon be published (Rasmussen and Hadley, unpubl. manus.).
Figures 11, 12, 13 show that the intensity of precipitation within the
band (Figure 12) was much more intense than outside the band (Figures
11 and 13). Inépection of low level charts (900 - 800 mb) showed that
there existed a localized zone of strong wind speed to the north of the
center. Constructing equivalent potential temperature surfaces and
determination of air parcel trajectories demopstrated that in the first

approximation one may use the concept of potential vorticity,

d 30
-dt C5‘E)p = 0

to demonstrate that as the parcel moves toward greater values of g,
39 must decrease leading toward conditional instability and convection

op v
(Figure 16), (Hadley, 1970). This pattern rotates relative to the moving

system such that it is located over one area for up to 30 hours yielding

extreme local precipitation amounts.

3. Conclusions: We have shown that the precipitation pattern relative

to a moving storm system is highly banded and moves relative to the moving

24,
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coordinate. The areal average yield is similar for both a very heavy
local snow producing system and an average snow producing system, The
inflow of vapor is accomplished by the ageostrophic component of the wind
field and the atmospheric water balance provides a good estimate of the
observed precipitation. The precipitate to condensate ratio is 0.90.

The condensate largely forms at a temperature warmer than - 10°C. The
mechanism for the generation of locally intense snow fall in the 1967 case
is proposed as being caused by the dynamic effect of a low level wind
field initiating convective activity by stretching of the air column and
the advection into more positive vorticity field.

Further application of the atmospheric water balance technique appears
to be most beneficiél in the diagnostic studies of vigorous circulation
systems like the extratropical cyclone. Questions with regard to the for-
cing of the system by cloud modification are questions that must be faced
in order to approach the plan of water resource management from the position

of knowledge.
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TRAJECTORIES ON 300°K 8¢ SURFACE
26/1200Z — 27/1200Z JAN. 1967
WIND RECORD IS FOR 27/00002

Figure 14, 24~Hour trajectories of air parcels on the 300°k Oe
surface. 26/1200Z - 27/1200Z. Wind field is for 27/0000Z.
Shaded area outlines the belt of heavy snowfall,
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