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ABSTRACT

A two-layer moisture prediction model using vertically-integrated
moisture fields is developeu. The predicted fields of the moisture
parameter, virtusl precipitable water, are determined in the 1000-mb
to 700-mb and 700-mb to 500-mb layers by horizontal advection by an
appropriate steering wind and by the effect of vertical motion at the
ground and at 650-mb. The vertical motioa terms contain the contributions
of horizontal divergence and vertical transport. It is shown that the
contribution due to divergence is the more impor{ant of these in the lower
layer while that aue to vertical transport is of greater consequence in the
upper layer. From the forecast of virtual precipitable water in each layer
the mean relative humidity and precipitation amount is determined. Several
experimental forecasts are examined and the feasibility of such a formulation
is concluded on the basis of the realistic horizontal ana vertical moisture
patterns predicted by the mogel.
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1. INTRODYCTION

The recent success of a vertically integrated moisture model for
the objective prediction of clouds and precipitation (Younkin, LaRue, ond
Sanders, 1965) has demonstrated the feasibility of the integrated approach
in contradistinction to that of {reating moisture content at separate levels
{Smagorinsky and Collins, 1955, and Carlstead, 1959), A fundamental
restriction of this method, nowever, ig the inability to infer the verticsl
distributicn of the predicted elements. The purpcese of this investigation
is to develop and test a two-layer vertically integrated moisture model.
The derivation followa closely the work of Sanders who formulated a model
for the prediction of the mass of water vapor in a single layer from 1000-mb
to 500-mb, 1

The desirability of a two-layer model stems from two distinct
‘sources. The one is the more obvious, the quest for a modicum of
resolution in the vertical. The other is the mcre periinent, the observed
distribution of condensation and water vapor transport. In an early work
on quantitative precipitation forecasting the Staff Members, Tokyo University
{1855), showed that the verticel cross section of condensation distribution
along 90°W revealed two distinct centers: in the gouthern part the maximum
of condensation was found in the layer between 1000~-mb and 700-mb, while
near 50°N condensation occurred mainly between 700-mb and 500~mb,

Benton and Estogque (1954), ina study of the water vapor transpori

1‘Sanderss F., 1963: A Prediction Model for Integrated Water Vapor,
Cloudiness and Precipitation, in Final Repori Contract No. AF19(804)-837%
Dept. of Meteorology, MIT,




over and in the vicinity of the North American continent for the year 1949,
found that the annual moisture flux over the area is accomplished by two
well-defined streams, the one a strong southerly flow from the Gulf of
Mezxico and the other a weaker westerly curnnt from the Pacific Ocean.
The two merge over the central portion of the United States, resulting in
a strong, broad outflow over the East Coast. These two streams are of
essentially different character. Near the source region the scuthcﬂy
current has its maximum intensity in the low layer with 75% of the inflow
occurring below 700-mb, But in the outflowing stream over the East Coast,
40% of the moisture occurs above 700-mb, probably reflecting the convective,
trontal. and orographic 1ifting over the United States.

' These researches seem to indicate thattwo layers are sufficient
»to represent the more important features of the observed moisture
distribution and it was a logical choice to select the 1000-mb to 700-mb
layer as the lower one and the 700-mb to 500-mb layer as the upper one.
Although 1t is genei‘nlly accepted that the low moisture content above 500-mb
may be safely disregarded, a division into a'1000-mb to 650-mb and 650-mb
to 400-mb layer was seriously considered. The chief advantage to this
~ partition is that the currently available dynamically computed vertical

motion field applies at 650-mb. No assumption concerning the vertical
velocity profile would be necessary to obtain this field at the interface
where it is of perhaps the greatest importance. This would not remove the

need for a model of the profile, however, since the divergence distribution



is related to it. Disadvantageously, extension to 400-mb would render more
difficult any comparison with present models which terminate at 500-mb,
Finally, compﬁted values of moisture parameters in the layers from
1000-mb to 700-mb and 700-mb to 500-mb were available from the National
Meteorological Center. |

With these considerations as background a two-layer model for
the predictipn of the mass of water vapor from 1000-mb to 500-mb was
formulated. Meauir’olativc hm_nidlty in the two layers and areas of
precipitation may be inferred. The testing of the model comprised three
gwolvo—hour forecasts made by manual Lagrangian technique. The evaluation
was based on comparison with a forecast made by the model already alluded
to(Younkin. LaRue, and Sand&q. 1965) and on verification by actual
observations. o

II. FORMULATION OF THE PREDICTION MODEL

This model is derived in terms of a vorti.clny integrated moisture
parameter, precipitable water. Since we wish to make use of two layers
we define the precipitable wﬁtor for a hycr'n follows:

W=z b w

where W is the mass (or liquid depth) of water vapor in a column of unit
cross sectional area extending between the two pressure levels py and pj,

g is the acceleration of gravity, and q is the specific humidity.
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With the assurmption of no evaporation or condensation the total
mags of water vapor in the atmosphere is a conservative quantity. As
~ suggested by the Staff Members of Tokyo University (1955) we designate
this quantity the virtual precipitable water, W', Similarly, q', the virtual
specific humidtty. is cbnserved. Tﬁarefore, local changcs‘are due to the
three-dimensional divergence of the specific humidity trensport vector.

Thia may be expressged

%%1 -0 (2
{ 4
y = -7 eqV — a%_w_. )
‘8%‘ v ? Jp ’
-2
- VeV - o (4)
V. v% 4 ’3?

where V 1s the horizontal wind vector, ()= JP fit, the vertical velocity
in the x, y, p, t co~ordinate system which is used throughout this
formulation,
| Partlal differentiation of the "virtual" form of (1) followed by
. integ;-atio:i of (4) between constant pressure levela p, and py gives the
locel rate of change 6! the virtual precipitable water,

:-%;%G-V’. v%)Jp, + —31; S:é%v-'\‘? )dp +-ée (o) )]

" The local rates of change of the virtusl precipitable water in the lower

and upper layers are given by



{8) #ﬁ% = (@é Wg pue

® = (H™

1B} SWNGEB

ifeys 2,4 °JeiBi Yous UNIVA PUIA 313 Jo pue Lipjwuay 213109ds jo UonwlIvA
Te0TIJ2A 8U) J0F £371301d DINbII 34 UOHIOSADR SIMISTO )BATSAS O,

*1x0da2 poIR AfsnotAsad B8 Uy 3IPPUBS PIP

s® Sa[[joad sy} JO WJIOY SWBR PY} SWREER 9 °SYspow yons jo Lovanddw oyl

UITA 9IRINSUSTULIOD BY POYISTI UOTIOIpedd STyl JO 5820008 Y], °‘PUIM 8Y3 JO

souaBiaAIp PUB SPULA [BIUOSTTION “A1IpTWing oyyioads jo soTpoxd jedNISA oyl

Juropow sas(oauy BIYY, ‘21Uqe[IeAR A[IpBad 948 yoIys sJaiewzeded Jo SWIs) Uf
sreafajur 280y} J0] suoyRsaIdRs 21081INS UIBIqo 03 3dwale Aou o]

*IBAB] U1 7O SSIIBPUNOY M0 pue Jaddn ey3 860408 (X0AEUBI} 2IRISTOW Y}

IO 3103510 12U JY} PUB ‘BINIBTOW SUI UO PUIA B} jO a0UFIBAD TEIU0ZIIOY

SU3 JO 31083132 PIjBISEIUY BYF ‘9INISTOW JO UDIICOADS [BINOZIIOY U IO 1089

poreafojul oy ‘Aiswizu ‘(c) woienbe Jo apiF pusY IYSIX 94} UC SWLII} SBIY}

213 UITA DSIIRUSDT 908NED 0) 30D oanr Jafe] © UT JSolusi orquindiosad renjaa

1o sefueys [800] BY) 1BUL WaJndds 8] 31 HOTRVULICE STUL WOsg

o C, 2 e&}';;,? i L 'g - %g
{L) ['_“f(rvg) ) B+ JF@:A%Z?% + ﬂF(‘é’A A -2%5 T e

and f:') <o a”)

s ¢ ] 0 4 se
I E RN L R Rt e S T K i 11

T d ool

k.—a

£



where 0{@, and 2. are modeling parameters.

Profiles of £ were computed from specific humidity data
averaged for a group of ten upper air stations in continental United States.
The stations, selected to include a representative sampling of climatic and
topographic regimes, consisted of Caribou (712), Columbia, Mo., (445),
Denver (469), International Falls (747), Lake Charles (240), Oskland (493),
Pittsburgh (520), Spokane (785), Tampa (211), and Tucson (274). One-
hundred and twenty individua! soundings from the months of January, April,
July, and October for the years 1961 to 1963 were chosen at random and
averaged to obtain the desired specific humidity data. Where humidity
data were migsing, a relative humidity of 20% was assumed., The Denver
profile was extrapolated from the surface to 1000-mb 80 as to parallel the
mean profilea of the other stations, Published mean monthly sounding

readily available in Climatological Data were not used because of the

frequent absence of humidity data for the 500-mb level.

Profiles were prepared for each of the four months in an attempt
to detect any significant seasonal differences that might exist. The resultant
profiles showed marked similarity in the 700-mb to 500-mb layer and only
minor deviations in the 1000-mb to 700-mb layer where the July profile
indicated a slightly slower decrease of moisture with altitude than in the
other montha. Considering the limitations imposed by the sample size and
the lack of any apparent noteworthy deviation in seasonal profiles, overall
average profiles (Fig. 1) were computed and used in the developement of

the prediction equationa.
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¥Fop the hovizontal wind vecior o simple profile for sach layer
is agsumed in which the wind at any pressure level within the layer is
expressed ag the vector sum of the wind at the base of the layer and &

constant times the wind shear vector between the bottom and the top cf

the layer.
<7 4
Vo () = Vo +/20GpX Vs Viooo) (109
.—7

Ve (f) = T\Zw ‘*’@w(f') ( Z‘aa-—_{zw ) {11)

where ﬁg and éo are modeling parameters,
Profiles of ﬂ were computed from monthly mean soundings

published in Climatological Data for the years 1961 to 1963, Data were

compiled from the seme moths and for the same stations as considered

" for-the. & Aproﬂlea. The procedured used were the same as Sanders (1963?.1
As in the case of tﬁé e profiles, the upper layer profiles showed

a marked seasonal similerity. There were greater variations between the

lower level profiles, however, where July in particular stcod apart from

the others. In contr:ést to a nearly linear increase of wind speed with

altitude in the other months, the July profile suggested that winds in the

lower portion of the 1000-mb to 700-mb layer were on the average almost

8@ strong as those at 700-mb. There was algo a tendency for a slight decrease

in speed between 900~mb and 850-mb, This characieristic was most apparent

at the southern stations where the overall wind flow was rather light, The

Gctober profile showed some tendency towards the same type of distortion

i op. cit.



from & linear increass but oot nsarly o the magnitude of the July profile.
The ohgerved variationg were comparable to those noted by Headlee ili%sii
in his study on effective molature stesring ievels,

An overall avaerage profile (Fig. 1) was used for both levels in this
study but it appears that a separaie low level profile would probably be
more appropriate for the gummaer sezgon at least,

Making use of these derived relationships for specific humidity and
the herizontal wind vector the integrated offect of moisture advection in (8)

and (7} may be written

loco -
ﬂé;gagv' V?r) JF' = -\ vl (12)
. -
and -—9'; ij:(-v-v%) da= V7 -V W (13)
where V;f = K _\?,o,,a + K, v")ao
—
_jjf = K_‘ijoa + }Q.v_ﬁo

K =3bm S ote (-G dp = .57

Kz =500 ‘::2&15’& dp= I-k = .43
/ 760 _

K3 = Z20omb 55.0‘,6’{% (,-%/")JP = 58

-joo
K«ff-f‘ 200mb -gb,of(,wﬂ&b 95@ = }" ;{35 .42

‘Headlee, H.E,, 1965: A Study of the Effective Moisture-Steering Level in
a Cloud and Precipitation Prediction Model,

M.S. Thesis, Depi. of
Meteorology, M. I, T.



Computed values of Ky and Ky for the ten stations used in the
evaluation are shewn in Table 1. At the low latitude stations a rather light
wind pattern characterized by a decrease in speed with altitude existed at
times during the Julys uander study causisg rather erratic values of K for
that month. Headlee experienced similar difficulty by arriving at a Ky
value of -5. 77 for Lake Charles in July 1961. The modeling approximation
for wind speed loses significance on occasions wheu the wind speed near the
lower boundary of the layer is nearly equal to that at the upper boundary.
Thug, when evaluating ﬂ for a layer, soundings with a smail vertical wind
shear should be omitted.

To evaluate the contribution of the eifect of divergence we require
profiles for the vertical variation of divergence together with that of the
specific humidity. It is desirable to express the divergence in terms of
vertical velocity at the bottom boundary and at 650~mb since that is
regularly available. Because the vertical velocity at only one intermediate
level in the layer from 1000-mb to 500-mb was available, nothing could be
galnad by modeling the divergence in the two layers independently and the

assumed profile of divergence is as follows:

V'—V(P) = G + B(P)(VV‘SD‘V_\ZM) (14)

Joco b

The profile of B was derived from Buch's data averaged for mid-latitudes. 1

It is esseatially a linear funciion of pressure between 1000-mb and 500-mb.

1Buch, H.S., 1954: Hemispheric Wind Conditions During the Year 1950,
M,1, T., Dept. of Meteorology, Final Report, General Circulation Project.




From the integrated equation for the continuity of maas
4 Cp) = 5 vV dp {15}

The expression for ¢J at 650-mb is

5‘)550 = j

&850

V.V C/f’ {16}
Integrating (14) between 650-mb and the top of the atmosphere

o —
s = J/éso v V# =048 00 G (V Voo V-V, o«'m) (17

Ay

-

680

where Cleo = 5& B cfdo—

The divergence at eny level p may be expressed algo in termsa of

and (J, o, Solving (17) for the coefficient of Cgeq

——? -
(V-V, 0=V Vyouo ) = 265 G000 = Liso (18)
Coso

and substituting in (14} yields

UV = e+ B )( 45"4),0,0-4)‘,__j (19)

Céb’a
- . 6;5'3 ) ot /Yilé‘/ &J _)

Meking use of this relationship the divergence terms in (6} and (7)

may be written

2' b::o g,V V#r h/,@&zooov"/(‘b/ ‘Jés‘o (21)
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5”[7 7&;‘3’ /1( !’%w;caa + Kg

6:»0 (22§

{fooco

where K= Al (X cordp - a5 (S B

- looe
Ke = Gampes) §,2Gp) B -

i

-6 - A=t 700
K-7.-‘-:. EXjo mb _goﬁw "‘32;6’:;0"" fa(

7200

ig_&méjx —,aao,,

S0

From the profiles of the modeling parameters (Fig. 1} the terms
in the definition of these constants are evaluated,

Cgs0 = 203 mb

/oo

e dp’ =153 mb

X1 :
5, s =32, 25 mb

7oo

o
S84 gpr =101 mb

g»“@«#/ = ~14, 25 mb

The congtants themselves are now given by



K = 8.54 X 10" hap~?

Kg = =5.29 X 10" 3mp-1

Ky = 7,33 X 10-4mb-1

Kg = 3,51 X 10™%mb™1

The vertical transport term may be evaluated by deriving suitable

expresefons for 4/, and &J,,, . Using (15) and integrating (14)

&)(ﬁa)z (f”X/O l‘z—c—@ (J/aaa"b‘“a—a)éso (33)

630
Therefore,
.65C,,
4)7,, = ( 70 ~ z yb),o,,, + ,_zes_.a)égo (24)
65‘0 6 st
and

&) (50— .65 C_soa)&)”oo + G 00 (”Jés‘a (25)

4> (-] 65‘0

Now that we are in a position to evaluate the vertical transport
term it {8 pertinent to examine it in more detail. As has been pointed out
this represents the resultant of the moisture transport acreoss the upper and
lower boundaries of a column which extends between two fixed pressure
levels, Realistically there is no flux of mass through the bottom boundary
in the lower levels since it represents the ground level {(or below) excapt
where the surface pressure is greater than 1000-mb., The fact that the
lower layer doeg not everywhere extend to léoo-mb cannot be ignored even
though this does violence to our previous modeling agsumptions. Sanders
(1963)ldiscusses this problem of orographic effects in some detail and

concludes, on the basis of analysis of the character and consistency of the

1 op. cit,



of the errors made in the forecasts in the vicinity of the Ruckies, that the
internal inconsistency of considering a variable prassure at the bottom
boundary is preferable to the error involved in being consistent tut
unreslistic, In view of this evidence the vertical transport acrogs the
bottom boundary of the lower layer is set to zero.

Ag a result the vertical transport tsrm in {6) for the layer from
1000-mb to 700-mb may be expressed in terme only of the flux across the

top boundary. Utilizing the relations expressed in (8) and (19)
A 00 )
A S-S Geog]  ao

From the profiles of the modeling parameters (=, )79 * . 55 and

Cr00 = 194 mb.

’L[i")m {? o ,,,7 /(7 Wyooo + Ky Wy Lo (27)
Kio = giim’;" ( = L CTX /0" amb

The vertical tranaport term for the upper layer from (7) is evaluated

in a straightforward manner using (9), (24), and (25).
“E;w )5'“’-(3!'))7”] ﬁ{(;{%gm -5 ‘5’6 )&J,a” +2‘&'Um_ﬂ
Egoo,mb )K%’- e ’Qg& d‘)ﬂ’oc'f‘ d"";_‘Z]

With (a( )700 = 1,57, ., )500 = -45, and Cgpq = 197 mb, thiz may be

(28)

written
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‘”g"' L%i‘*}/,s'a; ég.@) 0{_,)5 = E(/ze *-’Mimo%”(?zLﬁi@”wéfam’i(lghéi‘{‘zﬂw—!ﬂq}liﬁ% {383

h
d
pu

= -0 & “4 wl
where Kil = ;:oo,f;ffs (/ba«»a«:s ——“-—'_ )~ «2,05 ¥ 10 mb
K., = %me  Cowo 2,18 X 10 Smb-1

1 2 adomé) 665'9

e
(™Y
2
UI

(a('“)?“(/ﬂ: _ g5 See ) s 6,20 X 10"4mp™!

da/wr.b

K,, = _(f_feo_)z_e Loeo = 7,50 X 10 °mb-1
14 P00 9. b C.-

Seo

A further examination of the vertical transport terms for both
layers reveals that each contains the factor (qw)mo, gince 700-mb is the
iop boundary for the bottom layer and the lower boundary for the upper
layer. In the expansion of this factor in terms of the modeling parameters

for each layer the transport through the interface is given in two forms

(gu)ﬂw (A/ /oaa* 70 450) (/% oo f/f;; &}35,0) {30)

Bofh representations of this term should be equivalent but due to the modeliny:
approximations they may not be in practice. An examination was made of
this term for the data used as a test of this model over the eastern United
States (where it was assumed that &, was negligible). The dats were

taken from 25 radicsonde stations for each of three cbserving times., Ths

values of &4J,.., were taken from the dynamically computed vertical velceliies



from WM, Inthe 28 cauus of descending motion, the averags ingtanfanecus
trangpori through the interface was, in sbsolute value, 3.64 X 16“? em/sec
{or the lower layer and 3,79 X 10”7 cm/sgsc for the upper layer. The
difference represents a trangport of . 002 cm in 12 hours if continued at
this rate. In the 50 cases of ascending motion the average transgport rates
were 1.10 X 10”% cm/sec and 1,15 X 10°% cm/sec, the difference between
which represents . 006 cm in 12 hours, On'the average, therefcre,,' the
difference is small compared %ﬁth the magnitudes of the transport and

the two representations of flux through the interface at 700-mb may be
considered eguivalent. It must be noted, however, that there were stations
for which the two transports did not agree. The maximum difference of
.15 cm and . 14 cm per 12 hours occurred at Lake Charles and Shrevepor?,
respectively, at 00Z January 8, 1965, ‘In thié area was precipitable water
in the lower layer on the order of ten times that in the upper layer and

with moderately strong upward motion of about . 0015 mb sec"l these

relatively large differences in transport acresa the interface result,
The horizontal divergence (21), (22) and vertical transport (27), (28)
terms are expressed in terms of W and () and may be combined for

esach layer.

L[ LFo T+ )] = Kis e Ot Kot a1

760

""lj: [_{g:?-g’ V'V) JF’ + <g’w)500’ (%w)log ® KI'] l“,{owlooo + ’(,3 w;“’wéfo 4323



where K5 = K5+ Ky © 0.94 X 10 *mb~!

Ki6= Kg +K;g = ~3.50 X 10" mp1

K,;q= K7 + Ky - Kyg = -1.82 X 16" 4mp™!

Kjg= Kg + Ky - Kyg = ~5.67 X 16" 3mb"?

1t is reassuring {0 note that these coefficients are in agreement
with synoptic experience as to sign and relative magnitudes. K¢, the
coefficient of W, &), in (31), is positive, indicating that an air coluran
forced to rise due to orographic effect loses moisture while that which
descends gains moisture. K,q. the coefficient of W ), , is negative,
implying that upward motion near the tup of the lower layer results in
enrichment of the moisture in this layer. The explicit vertical transport
term which involves K;, makes a negative contribution but the effect of
horizontal convergence below (KG) accompanying the rising motion gives
a larger positive contribution.

The evaluation of K, , is somewhat more tenuous. The contribution
to the moisture of the upper layer resulting from upward vertical motion
induced by orography at the base of the lower layer is pesitive. This term
is apparently insignificant, however, since Kizis nearly an order of
magnitude smaller than K;5. For this reason the term involving &J,.o
for the upper layer will be neglected. K, g the coefficient of Www;,go
in (32) is negative, indicating that upward vertical motion near the base
of the layer increases the moisture in the layer. This is due both to the

contribution from horizontal convergence and, more importanily, from the

vertical transport.



Combining the evaluated ferms and incorporating the several

assumptions, (8) and (7} now have the forra

_33?_%,_ = "",‘4#“ V Wy + K- We 00 1000 K74 Do 03, 50 (33)
—9;“?-' ==V VW, +K, W, | (34)

To perf_drm the integrétion ln time it is convenient to replace W
where it occurs on the right hand s;de of the equations with W', As defined
previously the preeipitabln water W is identical to the virtual precipitable

~water W' at initial time and differs only as mpofatio:i or condensation
occurs. Di_viaion of both sides of the equat'iona‘by W! ylelds

v , ‘ v
.2.’;4".2__;‘/‘9— = '-—‘Zf‘ sz" %’+/(/rwloéo+ﬂ’;¢ g s0 (35)

| Y2 ’ —p , )
2%% = =Y L W+ Ky iso (36)

These pre_d!.ction equations msy be regarded .sa quasi-conservative.
In the test cases to be described in a subsequent section, thesé equations
were integrated by manual Lagfangian techniques oirer 12-hcur periods.
The trajectories were terminated at a regular network of points the dtstanée

between which was 782 km at 80°N.A

For any forecast interval at the integrated px}ediction equations are

Clutde Sy = by’ ), + s Boes K T )BT (3D



(4. %//L =é’@lej;{i¢, %(’/%’7 2:’.;5@) At {38)

The subacript fd refars to the {orecast downstream value at the
end point of the trajectory and {u refers io the initial upatream value at
the beginning point.

The remaining problem is that of evaluating the vertical velocities.
Diagnoses and forecasts of vertical motion at 650-mb are currently availabie

trom NMC in a scaled form such that

1 s

Following the air column, the average value of the vertical motion

experien:ed by it may be given by

ees = %Z(—w“")@ * (“}45“’)&:&7 g[(. o), +(Diso %ﬂ(-"/’woﬁ@

As a reasure of Z:J;aoa s the pressure change experienced by the

basge of the colvmn during the forecast interval was used. Thus

Eroee = (g =42 )/t
The standari atmoespheric value for terrain heights were used in
the computation of th pressure change. The heights of the terrain were
based on the data of Barkofaky and Bertoni (1855) averaged over 5° latitude-
longitude squares. The choice of suitable topography is a difficult one but

thiz one appears to be justified since we have chosen to stiempt to depict



oniy the large scale moisture patteens.

With the time interval Af = 12 hours = 4.32 X 104 geconds, the final

forms of the forecast equations become

(b)) - (Bets?). 4.0 2 Jocrallan)scan) T o

Cotll), = atl) . r2nfiss,, ) +4,., )] (40)

11, ESTIMATION OF MEAN RELATIVE HUMIDITY AND PRECIPITATION
FROM THE MODEL,

| Thé model as derived applies only to the forecast of virtual precipitable
water. Since this is a rather artificial quantity it is of utmost interest to
inquire what parameters of more immediate importance may be inferred
from it. The virtual precipitable water has been defined as that amount which
would be obtained by the three-dimensional transport under the assumption
that neither condensation nor evaporation takes place. This quantity obviously
' alloWQ’f&? %hpersaturated conditions. It is desirable, therefore, to define
a new vaiu,e, Wg, which represents the amocunt of precipitable water that an
air column can hold without condensation occurring. Unfortunately, this |
quantity is not uniquely defined by the parameters involved in the mocel. The
mean temperature of each layer asg represented by the thickness is available
and this value has been used to estimate W;, This is the procedure used by

Sanders (19(38)1 and the limitations of the method are discussed by him.

L op. cit.



To warive the approzimate relationships hetween the thickness of
a layer and Wgq in that layer, mean temperature profiles for fall and winter
were used. T!ese were derived from data from the Northern Hemisgphere
for the year 1839, 1 From the average temperatures at 1000~-mb, 850-mb,
700-mb, and 500-mb, the thickneas values of the layers from 1000-mb to
700-mb and 700-nb to 500-mb were computed assuming varying amounts of
moisture represenind by 100%, 80%, 60%, 40%, and 20% mean relative humidiiy.
The results of these calculations relating the thickness in each layer to the
precipitable water in ‘erms of mean relative humidity is given in Figure 2.

It is not uncom mon to observe condensation and precipitation in a
layer with a mean relative humidity less than 100%. Younkin, LaRue and
Sanders (1965) used a va.ue of 70% relative humidity in the column extending
from 1000-mb to 500-mb ‘o connote saturation, justifying this figure by the
low bias in radiosonde messurements of relative humidity and by observational
evidence. There are gsome indicationg that this figure is too low, however,
Newer humidity elements which are being introduced should remove the bias
at léast partially and it has been noted that the use of the 70% figure at the
National Meteorological Center seems fo result in precipitation areas which
are too large. In any event, thiy refers to a deep 1ayer approximately 5500
meters in standard thickness, while the two-layer model represents thick:aesses‘ ‘
on the order of one-half this depth. From one peint of view it seems logical

to demand a higher mean relative humidity for condensation in a shallower

IPeixoto, J. P., 1960: Hemispheric Temperature Conditions During the
Year 1950, M.I. T., Dept. of Meteorology Scientific Report No. 4, Planetary
Circulation Project. ‘
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layer, since in the limiting case, saturation is required for condensation
at a given layer. It also seems plausible that for the upper layer in winter
a lower mean relative humidity would be appropriate since the reported
relative humidity is defined with respect to a plane water surface and in
many cases the state of the moisture in the layer is frozen. This definition
results in a low bias of relative humidity in ice clouds, but the effect is
difficult to assess since undoubtedly there are also clouds at below freezing
temperatures which consist mainly of water. It was decided, therefore, to
give more weight to the first argument and to consider a mean relative humidity
of 90% to be sufficient for condensation in either layer. The value assigned
to Ws is that which represents 90% relative humidity.
Given the virtual precipitable water W*, the actual precipitable water
W and relative humidity in the layer can be éstimated provided that the
thickness is also known., If W' ig less than Wg, it is assumed that W' = W
and the relative humidity is taken directly féc'»m the nomogram. If W' exceeds
Wy, it is assumed that W = Wg and the relaﬁve humidity is 90%. The excess
varm’mnt, W' - W, is assumed to condense and fall as precipitation., A
quantitative precipitation forecast is therefore a by-product of the forecast.
This procedure must be modified for locations in mountainous regions,
since the lower layer does not extend to 1000-mb. The forecast value of W'
applies to an entire 300-mb layer. The procedure adopted wag to adjust the
value of the virtual precipitable water to account for the restricted depth of

the layer and also for the reduced value of X in the layer. The adjusted



value (W' ig

W' W [ e ® j (41

where W' and =< refer to the restricted layer between 77", the station
pressure, and 700-mb,

If W" exceeds W, the excess amount W' - Wg is reduced by the factor
in brackets in (41} to arrive at the amount of precipitation. The standard
atmosphere value corresponding to the station elevation was used as station

pressure for this purpose.

IV. TESTS OF THE PREDICTION MODEL

The purpose of the test cases was to determine the appropriateness
and goodness of the model postulated. To this end we wished to avoid errors
introduced by using predicted values of the horizontal and vertical velocity
fields. Observed fields were therefore used to displace the moisture pattern.
Diagnostic fields of vertical motions from the currently operational ithree-level
forecast madell were used ané cbsgerved thicknesas patterns were used to
determine relative humidity and Wy, There is no guarantee, of course, that
the diagnostic vertical motion and obsgerved thickness fields are completely
consigtent, in that over the forecast period, the observed thickness may not
be that which would have been produced by horizontal advection and diagnostic

vertical motions which are used in the specific humidity advection. The effect

1Cregsman, G.P.. 1963: A Three-Level Model Suitable for Daily Numerical
Forecasting, National Meteorological Center Technical Memorandum No. 22,




of this inconsiglency in this model is slight in most cases, however, since
the thickness is used only to infer the relative humidity; in the ene-layer medel
of Younkin, LaRue, and Sanders {1965) the eifect is more apparant as the
results of a test case will show.

The molsture prediciion model was tested on the synoptic pattern
which cccurred between 0000 GMT January 8, 1965 and 0000 GMT January &,
1965. This particular situation was chosen because of the existence of two
distinct precipitaiion areas at the beginning of the 24-hour period followed
by the development of a third area in the la’ttér half of the pericd. This
afforded an opportunity fo test the model on the detection of new precipitation
areas as well as the movement and modification of existing areas.

The surface map for 0000 GMT January 8, 1965 (Fig. 3) consisted
of a north to south oriented high pressure ridge across New England bordered
on the west by a broad scuthwesterly flow extending from the Gulf of Mexico
to the eastern Great Lakes region. A weak, complex low pressure gystem
covered the region from the western Great Lakes to the central Rockies.
A warm front extended from Alabama northward to the vicinity of Cincinnati,
Ohic then westward into the low pressure complex., A band of light rain was
occurring to the north of the warm front in the lower Great Lakes region. An
cutbreak of celd air was spreading into the northern plains behind 2 cold front
which had moved as far southward as the northern border of Nebraska., Anothe:r
frental system extending from Wyoming to extreme southwestern Arizons markod

the forward edge of an anticyclone centered off the northern coast of Californis.



Precipitation was occurring in the onshore flow in the Pacific northwest and
there were also a few scattered areas of light showers or snow flurries in
the Rockies and in the northern plains.

The associated 500-mb flow pattern consisted of full latitude troughs
at about 60°W and at about 115°W with a tendency for a cut-off low in southwestern
United States. A broad southwesterly flow existed from the Rockies to a ridge
locatad just west of the Appalachian Mountains. In the 24-hour period which
followed, a cut-off low did form over New Mexico while the higher latitude
portion of the trough sheared and moved eastward to the Minnesota-Wisconsin
region. Southwesterly flow continued from Texas to the ridge which had
shifted to the Atlantic coast.

At the surface (Figs. 4 and 5) southwesterly flow overspread the entire
east coast as the high preasure ridge moved offshore. The complex low pressure
area consolidated into a single center and intensified while moving to a positicn
just south of James Bey. The warm front moved to the Washington-Buffalo
line while the primary cold front traveled eastward and southward to a line
from the upper Great Lakes region across southeastern Missouri to northcentral
Texag. In the far west the anticyclone moved inland with its center now located
over Nevada, Precipitation at 0000 GMT January 9 consgisted of a newly
developed region extending from central Illinois to eastern Oklahoma as well
as the previously existing areas in the northeast and in the Pacific northwest.

Twelve-hour forecasts valid at 1200 GMT January 8, 1965 and at 0000 GM'Y

January 9, 1965 were prepared using the observed flow for both initial and



terminal conditions and using the obaerved precipitable water io describe
initial moisture conditions. A third 12-hour forecassy, this one also valid

at 0000 GMT January 9, was prepared using precipitable water predicted

in the earlier forecast as initial moisture rather than the observed quantities.
This forecast is referred to as a 24~-hour forecast in the disensgion which
follows. Forecasts of upper layer and lower layer moisture were made for
each time with initial resulis expressed in terms of virtual precipitable water.

Determining the value of the advection‘term in the forecast equations
required the greatest expenditure of effort in the forecast procedure. The
first atep called for the consiruction of the moisture steering flow at each
of the map times and for both layers. The 1000-mb, 700-mb and 500-mb
geopotential heights at an array of grid points were multiplied by the
appropriate values of Ky, Kg, K3, and K4. The products were summed at
each of the grid points to arrive at values of the moisture steering flow for
the layer in question (Figs. 8, 9, 10, 11, 27, and 28).

Twelve-hour trajectories terminating at each of the grid points were
construcied in the moisture steering flow. From each grid point trajectorics
were backed six hours upsiream in the flow which existed at the termination
of the traj‘éctories and then another six hours in the flow which existed 12 hours
earlier. Initial values of precipitable water were advected from these upstream
points.

The other terms in the prediction equations were also evaluated using

the trajectories in the moisture eteering flow to arrive at initial upstream and
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terminal downstiream values of the quantities measured, Essential features
of the vertical velocity fields at 650-mb are ghown on the surfsce maps (Fige.
3, 4, and 5).

From the forecast values of virtual procipitable water, values of
precipitable water, relative humidity, and precipitation amount were estimated
using the procedure outlined in Section IlI, In those cases when W' exceeded
Wy, the excess a:nount was considered as the precipitation amount at the
termination point of the trajectory. While this approach may be unrealistic,
no universally satisfactory manner of treaﬂng this problem is evident. It is
clear that the procedure adopted has certain limitations. For example, the
fact that W' exceeds W at the end point of the ti-ajectory implies that W'
equalled W45 at some point upsiream and accofding to our convention precipitation
should have begun there. However, it is difficult to ascertain the location of
this point. In general it is true that the precipitation should be distributed
along the trajectory but the difficulties in doing this correctly are insurmountable
with a 12-hour time step. 'fhe retention of the precipitable water past the
sgturaticn point should also 12ad to exceasive values of W' at the end of the
trajectory bacause of the axponential groewth rate due to the vertical moticn.

A solution to this problem is the use of shorter time steps. It ig not
practical to test this procedure using observed values since the observation
cycie is twelve hours. It could be done using forecasted velues of steering
flow in time steps as short as one hour. Howéver, this is beyond the scope

of the present investigation,



V. DISCUSSION OF RESULTS

In the evaluation of the three forecasts that were made it is of interest
to keep in mind the vertical resolution that it is hoped the two-layer model
will give. How well the stratification of moisture is forecast is evident from
the comparison between predicted values of the precipitable water and relative
humidity and the obzerved values. As an aid in ‘showing this separation, the
areas of forecast precipitation are distinguished according to source layer.

The configuration and magnitude of the moisture pattern in the 12-hour
forecast valid at 1200 GMT J .nuary 8, 1965 {(Figs. 12 and 13) shows general
agreement with the observed pattern (Figs. 17 and 18). The results along the
Oregon-Northern California coast and the Gulf coast are less successful than
those elsewhere, due in large part to the origination of trajectories over bodies
of water where the initial distribution of moisture was unknown. This sovrce
of error is inherent in all the forecasts. In the Great Bagin and lower west
coast areas a slight drying out of the air was forecast and observed in the
lower layer as the surface high pressure cell extended into the region. The
increase in moisture over the eastern third of the country was well forecast.
Some of this increase is due 1o the advection of more moist air from the
sout.hwestern part of the region, and the persistent upward vertical motion
during the 12-hour pericd enhanced the moisture.

In the upper layer forecast the moist tongue extending from Texas
through Migsouri in advance of the front was somewhat overdeveloped but the
decrease in moisture over the warm sector in the central Great Lakes was

aredicted well,



Turning to th2 precipiiation area forecast (Fig. 14) and the observed
12-hour precipitation (Fig. 16), it iz seen that in the east the ares where
precipitation occurred in the period is fairly well delineated. The grid used
is toc coarse to give much resclution in the distribution pattern but a maximum
value of 1. 18 cm was forecaet near Syracusg N. Y. The lower layer contributcd
. 80 cm while the remaining . 38 em fell from the upper layer. Although only
. 50 cm was observed at this location, over 1,50 cm fell upstream. This
agreement is quite good, especially in light of the fact that the effect of the
release of latent heat on the precipitation amount i3 not included in this modei,
An underestimate of amount is to be expected in this case. Vederman €1961),
employing a technique suggested by Smebye (1958) found that the inclusion of
this effect could increase the precipitation amount by as much as three times.

In this example of stratiform precipitation ahead of the warm front, the large
scale diagnostic vertical motion is probably quite representative of the actual
field, The precipitation in the Northwest and upper Plains states is generally

in good agreement with the observed. The area where the forecast is pcorest

is along the Continental Divide. Much of the obgerved precipitation is uncoubicdly
orographic in nature and the detail of the terrain used in the tes: may not be
sufficient to give this effect. The precipitation forecast in eastern Colorade,

however, does give some indication of the moisture svailable and the maximum
cbserved orecipitation is found wesat of this area. It is only fair to say that due
to the amoothed terrain used in the lov er layer formulation and the neglect of

the terrain effect on the upper layer moisture, the represeantation of the moisgivre



digtribution in the vicinity of large barriers such as the Conlinentel Divide
given by the model meay be far from realistic. For purpsse of compariczon,
a 12-hour precipiiation area forecagt was made using the one-layer "SLY"
model of Younkin, LaRue, and Sanders (1965). The resulting pettern {Fig. 15}
shows an excessive amount in the central and southern Rockies extending info
the plainsg and in addition expanded the size of the ares in the east. The formex
srror is an imeresﬁng one and is due chiefly to the fact that the cold push east
of the Rockies was limited to the low layers of the atmosphere, casting doubt
on the validity of assumptions in the SLY model 20 far as temperature advection
is concerned. The observed thickness change, following the steering flow,
for the SL'Y model was negative in this area, implying ascent and resulting in
a large precipitation area. The occurrence of thiz ascent is, however,
questionable, The discrepancies in the east and along the Rockies are probably
due in part to the assumption of saturation at 70% relative humidity. It must
be pointed out, however, that the precipitation area in western Colorado and
northern New Mexico were well forecasted. In summary it appears that the
precipitation area forecast by the two-layer model was somewhat superior to
that of the single-layer model,

In the forecasts verifying at 0000 GMT January 9, 1965 (Figs, 21, 22,
23, 24, 25, and 26), there ie an area in the southeast where excessive moisture
is forecast in the low er layer in both the 12-hour and the 24-hour forecasts.
In the latter case this is due in part to excessive values used as initial conditions.

The remaining error may be due io unrepresentativeness of the large scale



diegnostic vertical velocities. It is noted that @ large area in the southeast
extending from Misaiseippi through Kentucky and eastward to the coast
experienced a decrease in meisture during the 12-hour period that cannot
be explzined by advection. Throughout most of the area the large scale vertical
motion is given as slight ascent although descent appears to be required for
the proper moigture field to result.
| The upper layer 24-hour foracast displayed an excess of precipitable
“water in the middle of the country where the 0, 50 cm isopleth in particular
extended too far northward into the plains. The reason for this excess is
probably the erroneous initial conditicns ‘used. The observed distributions
are shown in Figures 30 and 3i. Another area of errcr on the 24-hour lower-
layer forecast was in the lower Great Lakes region where dry air was moved
too far eastward. The dryness resulted from the value forecast at cne grid
peint in northern Illinois. The trajectory terminating at that point originated
in the somewhat drier air over northern Minnesota. The explanation of this
error is not immediately clear. Upward vertical motion was experienced along
the entire trajectory and yet there was an increase in the 1000-mb to 700-mb
thickness. It is difficult to reconcile the diagnostic vertical velocity with the
observed change in thickness which occurzed over the trajectory.
The tendency for the axis of maximum moisture to extend into Colorado,
on the upper layer forecasts in particular, resulted in part from the contribution
of a trajectory which terminated in eastern Colorado. The steering flow in that

area wag weak in strength and of uncertain direction at both 1200 GMT January 8



and 8000 GMT J.nuary 8, 1965, The trajectory consirucied in the flow gave
an originating peint in the relatively moist air to the south of the subject grid
point. |

in general the discrepancies between the forecast and the acteal
obaxrved values of precipitable water can be explained by uncertainty of
trajestories or, in the case of the coastal points, by the lack of moisture
informa‘ion at the upstream point. Much of the error in precipitation ares
forecastn was due to unceriainty of trajectories and to the difficulty of treating
trajectorie which cross large mountain barriers. In this study only the
elevation of \he initial and the terminzl points of trajectories were considered
in arriving at \ze orographic effect but it is possible that the elevation at some
intermediate pcint was of greater importance.

In the eas) too large a southward extension of precipitation was forecast
from a low layer source in the 24-hour forecast. The 12~hour forecast
essentially corrected this error reflecting the influence of using actual
precipitable water for input data. |

Of particular inierest in the precipitation forecasts was the detection
of the prec:ipitation. area which developed in the central part of the country
between 1200 GMT Janusry 8 and 0060 GMT .Jannary B Tﬁe forecast suggests
an upper layer gource fdr: the precipitation and a check of individual upper air
soundings in the region ol the precipitation tends. f.o bear this out. The soundings
at Columbia, Mo. (445) at 1200 GMT, just before the beginning of the rainfall,

and at Topeka, Kan. (456) and Ft. Worth, Texas (259) at 0000 GIIT, after the



beginning of the precipitation {(Fig. 323) show = low level dry layer topped by

a relatively moilst layer at higher altitudes. Any precipitation originating

in these air masses must have had its source in a layer roughly equivalent

to our 700-mb to 500-mb layer. For a group of stations including Columbiz,
Mo. (445), Peoria, 1. (532), Topska, Kan. {456), and Oklahoma City {353)
the ratio of the precipitable water in the lower later to the precipitable water
in the upper layer decreased from 4 to | at 0000 GMT January 8 to 2 to 1 at
0000 GMT January 9. This was a clear indication of the change in the relative
moisture content of the twa layers during the forecast pericd. The lower
layer over the central Missiseippl velley showed noticeably more moisture
than forecast at 0000 GMT January 9 but it seems likely that this increase
resulted from the evaporation of meisture falling through the layer from an
upper gource. The forecast model, it must be remembered, does not account
for evaporation.

The model also handled fairly well cases of low level moisture and
upper dryness. The sounding for Jackson, Miss. (235) i3 shown as an example
(Fig. 32), While the forecast relative humidities are somewhet lower than
those that occurred, the delingation of the moisture by layer is clearly indicated.

The separation of moisture across the central United States which
developed by 0000 GMT January 9 was predicted quite well, as were the gtrong
gradients of moisture in both forecasts. This resolution is not possible in |
a single-layer model and it is resssuring to note that the separation was in

general agreement to that which occurred,
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Vi, COWNCLUSIONS ARD RECOMMENDATIONS

On the bagis of the resuits of this investigation ihe feasibility of
utilizing a two-layer model for the objective prediction of moisture distribution
hag been demenstrated, That the degree of vertical reaclution which is given
by this model ig realistic has been shown in the iimited testing. The moisture
stratification observed in the atmosphere during a period of subsatantial change
was guccesafully reproduced by this forecast modsl. Althoagh no statisticai
evaluation was made, subjective verification indicated a high degree of success
in the three test forecasts, As a result ef_# éingle compariscn with 2 one-
layer integrated moisture madél, it appears that elthough the differences
were amall, the added resclution of the two-layer formulation resulis in
a better forecast. |

it was stated at the outset of the derivation that the success of the
model was dependent on the goodness of the modeling approximations of the
profiles of aspecific humidity, wind, horizontal divergence, and vertical motion.
it iz obvious that the most appropriate modeling parameters must be used.
To this end, variations such as those noted in this study with respect io the
/5 profile should be carefully evaluated. The use of monthly or seasonal
values if significant variations sre persisten{ should be investigated, as should
the use of regional values for those functions which have a well-defined areal
variability. o

Another field of inquiry which &emandé further study is that of the

effect of the underlying terrain on the moisture transport. Of particular



imporiance 1o this model is the proper ireatment of trajeciories which cross
mountain barriers. The relationship between the moeisture parameters and
the percentage and type of cloudiness in each layer should be studied to give
further usefulness {o this forecast model.

it is imnmediately apparent that additional testing of this model is
required before more clairns can be made for its success. Forecasts using
predicted fields with time steps of six hours or less would give an excellent

basis for the evaluation of this model as an operational tool.
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APPENDIX



Ky Ky
Jan Apr Jul Oct Jan Apr Jul Oct
Caribou .50 .49 .47 .51 .56 .41 .57 .54
Columbia, Mo.| .46 .59 .34 .34 .54 .57 .67 .55
Denver .54 .56 .35 .62 .48 .55 .70 .52
'xnt.éx-'naﬁonal .45 .sz'_ .53 .49 51 .57 .58 .51
Falls o S
Lake Charles | .65 .49 -2.13 .45 | .58 .53 .42 .77
Oakland 40 .51 .13 .52 | .62 .59 .61 .53
| Pittsburgh 53 .46 .53 .43 | .55 .62 .48 .60
| Spokane .39 .45 ‘,,'}64 . 43 ;:-;,,.fs:s .55 ,56 .59 |
‘| Tampa . . 68 ..,-.:76_.,-,2;;14 .89 ".1'_:6.2~ .59 .89 .64"
| Tueson 97 .66 .16 .80 59 .55 .68 .60
| average 57 .60 .37 .55 57 .57 .59 .59

Table 1. - Values of K; and K3 by station and by season.
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Fig. 33. Observed Thickness, I000-700 mb,
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Fig.34. Observed Thickness , 700 -500mb
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