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20.  Abst rac t  (con t inued)

Rawins qnde data and SMS-2 s a t e l l i t e - d e r i v e d  c l oud - t r acked
wind vector,~ were assimilated using the NCAR Limited Area
Mu lt i varia E e Statistical Objective Analysis , with persistence as
the first /guess. The domains used in th~ study included the
northwest ,érn Pacific Ocean , Central Ame rica and most of North
Ameri ca ,/a six -hou r time interval between analy’~es , and a three-
day period. Except for a control experiment , ,~he experiments
varied the method of cloud-wind vertical placement. These
included wind insertion (1) at the leve l n e a r~est the c l oud - t op
temperature; (2) at all levels w ithin the clbud layer as defined
by the cloud-top temperature and a physical thickness; (3) at the
level nearest the cloud-base; and (4) at the w ind—fit level , at
which the insertion wind most agrees with the guess wind.

~t..L — ------‘>Analyses from the four methods of level determi nation were
compar ed to each other and to the control experiment. Results
show that sli ght differences in the level of insertion can produce
meaningful differences in the re sulting analyses , and also confirm
the value of cloud winds in data-spa rse regions. Advantages and
disadvantage s of the wind insertion methods are di scussed.
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1. INTRODUCTION

Historically, data assimilation has been approached largel y
from a dynamical aspect , with numerical modeling aspects being the
primary consideration. More recently, the particular problems of
real data have been addressed by work on the assimilation of
orbiting satellite , vertical temperature soundings (Hayden , 1973);

• and on the collection of data from various sensors (Miyakoda et al.,
1975). These and other studies clearly indicate that differences
in characteristics among data from various types of sensors must
be considered separately to ascertain how information can best be
assimilated into numerical analyses.

This study is concerned with the as similation of information

from geostationary satellites , specifically, cloud motion vectors
(CMV). . For effective assimilation of CMV , three basic questions
must be addressed: (1) Is there useful information? (2) What
information (full vector wind , space gradient , vorticity only,
speed only) effects the best possible assimilation? (3) What are

the errors in these vectors and how can they be minimized?
Although various circumstances can produce cloud motions that

are not characte ristic of the wind , cloud winds have been compared
with rawinsonde observations (Hubert and Wh itney , 1971; Hasler ,

1972; Suchm an et al . , 1975), with special aircraft observat ions

(Fujita et al ., 1975; Hasler et al ., 1977), and with analyzed wind
fields (Lemar and Bonner , 1975). These studies have shown that ,

• in general , satisfactory winds can be derived from satellite cloud
motions. Com parison of CMV with ~ s~~~u aircraf .t flights have

shown that CMV can have the accurac y needed for use in the sensi-
tive divergence , vorticity , and vertical motion calculat ions

necessar y to describe the dynamics of the atmosphere (Hasler
et al., 1977).

The question of determining the best information from CMV

for assimilation has received much less attention. Viezee et al.

(1977) found that , for two sets of SMS data and one specific

analysis techn ique, divergence computed from the CMV was meteoro-

logically unacceptable. The corres ponding vorticity fields gave
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good r e s u l t s .  However , the a n a l y s i s  procedure used did not include
vertical coupling, so these conclusions should be considered
tentative. Further work on this question is needed.

Errors in CMV result from five major causes: navigation
errors , operator errors (where m a n - m a c h i n e  methods are utilized),
errors of reso lu t ion , errors due to particular clouds being

unrepresentative of the wind velocity , ari d height computation
e r r o r s .  Such man et a l .  (1975) hav e shown that the misalignment due
to navigation errors is much smaller than the resolution of the
ori ginal images. They also demonstrated that operator errors were
minimal , and that matching an image spacial resolution with the
time between images has reduced the impact of time resolution
errors. Trained meteorologists interacting with the computer to
compute winds , plus contin uing stud ies such as those by Fujita
et a l .  (1968 , 1 9 7 5 )  to p inpo in t  t roub lesome c loud  fea tu res , are

minimizing the errors caused by the tracking of unrepresentat ive
clouds.

Cloud height errors , however , can be the largest source of
error in the computa t ion  o f CMV , as noted by Suchman et al . (1975)
and other investigators . These errors occur because of incomplete
knowledge of both the level at which the cloud motion is most
characteri stic of the wind , and of an exact method of computing
the height using the limited information available. Nonetheless ,
for low level clouds in the tropics, retrieved winds provide an
accu ra te  r e p resen ta t i on  of the w in d  f i e l d  when the he igh ts  of the
clouds are unambiguously known (Bengtsson and Morel , 

1974).2



_ _ _  

________ - 
_ _ _

2. THE PROBLEM

Current a t tempts  to reduce c loud  he igh t  er rors  i n v o l v e  improved
methods of comp ut ing height  at the t ime the c l o u d  mo t i on  v e c t o r s
( CMV )  are de r i ved .  Mosher ( 19 7 6 a )  has d e v e l o p e d  a method w h i c h
corrects the measured infrared temperature for the emissivity of
the cloud target , thus permitting the determination of the cloud -
top temperature which is used with a standard atmosphere
temperature profile to infer cloud -to p height. National
Environmental Satellite Service (NESS) operational procedure places

• all clouds which have tops below 700 mb (as defined by the JR
temperatures) at the 900 mb level. This assumes that these are all
low level convective clouds and that , therefore , the cloud motion
is best representative of the wind at cloud base. For upper level
clouds , an estimat ed cloud emissivity is used to adjust the
measured cloud -top temperature by an emp irical technique (Hubert,
l976b). Despit e these complex methods , the assigned height can
still be in error by as much as plus or minus 100 mb when compared
to estimated °ground truth ” such as rawinsonde observations ,
aircraft measurements or numerical results.

Since the primary utilization of CMV is in updating an objec-
tive analysis or numerical model , a redefinition of the problem is
suggested. An objective analysis or numerical model ’ s vertical
structure is represented by layers at coarse resolutions.
Atmospheric quantities analyzed , such as components of the wind.
are assumed uniform throughout a particular level. The diff i c~ )t :~
in determining the correct level at which to assimilate a CMV is
compounded by the dispari ty inherent in the CMV height. There for e .
to identify the best level at which to assimilate a cloud m otim

vector , one must determine which analysis layer within the ran qc

of potential CMV heights is the level at which the cloud motion
best represents the wind.

In addressing this problem , this study attempts to deter~i’ire

the effect of chang es in insertion level on ass imi lation res ul~~s~
and identify the characteristics of four methods of determining
the insertion level

3
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3. THE A N A L Y S I S

3 .1 GENERAL DESC R IPTION
• The objective analysis procedure used in this study was the

National Center for Atmospheric Research (NCAR) Lim ited Area
Mu l tivariate Statistical Objective Analysis (Schlatter , 1975;

• Schlatter et al., 1976). Properties include a spherical latitude —
longitude gri d with a 1.25° horizontal resolution , and 10 pressure
levels plus the surface in the vertical. This procedure , based on
the concept of optimum interpolation (Gandin , 1963), simultaneously
estimates the height and u- and v-component s of the wind by apply ing
a set of differences between a given first-guess and the observed
height and wind data , to the first guess. The estimation has the

form

h h i  h . - h
N 1 f~

u u + E A . u. - uf . i i f.

v v f v
~ 

- v f

where h , u, v are the grid point values of height , u- a nd v-

components of the wind , respectively; h f~ u fi v f are the first

guess value s o f these gr id point f i e l d s ;  h
~ 
, u.~ , v

~ 
are obser ving

po in ts ;  h f , U f , V f 
are first guess v alues at the observin g

I i I
points; and A

~ 
are the diffe rence coefficient matrices. These

matrices are chosen so as to minimize the m d i  vidual error va riances

(ht 
- h ) 2 , (u t - u ) , (v

~ 
- v )

simultane ously. A subscript t indic ates the true value and

re p resen ts a s ea sona l aver ag e.
The height-hei ght (h-h) correlation is modeled by a Gauss ian

autocorre lation curve. The remaining eight cor relations involving

the wind components are derived from the h-h correlat ion and the

geostro phic approximat ion.

5



_ _ _ _  ____________ — - •~~~~~~~~ -

A n a l y s e s  were done every s i x  hours with persis tence as the
first guess. The initial first guess is a c o m b i n a t i o n  of a

• National Meteorological Center (NMC) analysis , valid at the first
analysis time , and climatology (see Appendix A for details). In
addition to h , u , and v , a univariate analysis of temperature was
pe rformed.

3.2 DATA DEN S ITY EFFE CTS

Only five observations within a radius of 1500 km from the
grid point are consid ered by the objective analysis. If only one
observation is available in this range , the first guess is used
without correction by observations. Thus , in a data rich region ,
observations in a very small area may influence the final estimate
of the parameter at a grid point. In a data sparse region ,
however , as few as two data points , possibly far from the grid
point , have influence. The weight of these distant points is
necessarily much smaller , but it is readily apparent that the
quality of analyses in data sparse regions cannot approach the
resu l t  in data dense reg ions .

3.3 AREA AND BOUNDARY CONDITIONS

The area in which analyses were performed , shown in Figure 1 ,

includes most of North America , Central America , a portion of
South America , and the Eastern Pacific Ocean. This area was chosen
to limit the computation time for the experiments , to include areas
of good cloud motion coverage , and to include both an area of dense
rawinsonde data (North America) and another area with a sparse or
missing rawinsonde network (Pacific Ocean). Boundary conditions
for this limited area grid are fixed; perturbations at the bound-
aries are reflected back into the grid. In a previous li mited - area
study us ing  th is  a n a ly s i s  s.ystem , most of the grid was affected

by at least one meter per second ( m is )  in the wind field afte r five

da y s , with the major error within five to ten degrees of the
boundary (Schlatter , 1977). In order to minimize the effect of the

boundary in the analysis area , the analyses in a 15° buffe r at each

boundary were ignored. The remaining diagnostic area is as shown

in Figure 2.

6
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3.4 QUALITY CONTROL

Three types of quality control are ut ili zed w i t h in t h is
a n a l y s i s  system .

Fi rs t , a n obser v at ion is d i s c a r ded if it is greater than 10
t imes t he co r respond ing  f i r s t  guess v a l u e .

Second , for eac h data po int , the f ive nea res t  ne ighbors  are
determined , and the difference between the observation and the
first guess at these points is computed. The averages of these
d i f f e r e n c e s  of a ll comb i nat ions of four  of t he f ive nei ghbors  are

c omputed and the data point  is d i s c a r d e d  if a l l  of these  ne ig hbors ’
average differences vary from the d i f f e r e n c e  at the data point by

more than a s p e c i f i e d  t o l e r a n c e .  These t o l e r a n c e s  vary for each
v a r i a b l e  by leve l , as g i ven  in T a b l e  1.

Tab le 1. Q ua l i t y  cont ro l  t o l e r a n c e s .

Level  (mb)  He igh t  (m) u, v ( m is )  Tempera tu re  ( ° C )
70 50 15 5

100 50 15 5
150 80 25 5
200 90 25 5
250 100 30 5
300 100 25 5

• 400 100 20 5
500 100 20 5
700 100 15 5
850 100 15 5

Third , a manual over r ide was  used  • for assurance of quality .
Contou red plots of the resulting analysis fi elds were compared
subjec t i ve l y  w i t h  a p lot  of the o r ig i  nal o b s e r v a t i o n s  on w h i c h
data discarded by the automated quality control were noted. It was

then possible either to discard an observation retained or to
restore one rejected by the anal ysis , and redo the analysis proce-
dure. This manual ca pability was used for only the control case
in this study .

9

L -~~~~- • - -~~~~~~~
- - • ~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~ 

- 
!!~-~~~~~~~~~~~~~~~~~~-- 

•

~ 

.
• .



_ _ _  
-

3 . 5 EFFECTIVENE SS AND R E L I A B I L I T Y

The effectiveness and reliability of this procedure , including
its ability to produce analyses that conform to the data , has been
demonstrated (Schlatter et al., 1976). However , particular aspects ,
as they relate to the current study , deserve further discussion.

In areas where the density of the data is comparable to the
density of the grid points , the first guess has a minimum impact;
only a very crude initial first guess causes any degradation of
analysis results. However , in data-sparse regions , even after a
number of time periods using a f o r e c a s t  as the f i r s t  guess , the

analysis result has been found to have little in common with the
actual atmospheric state. Since pe rsistence is used as the first
guess for the current study , information cannot propagate from
data-dense to d a t a - s p a r s e  areas as it would with a forecast as
f i rs t  guess .  In reg ions w i th  no i n f l uence  from the data for the
entire period of the experiment , the final anal ysis will be identi-

cal to the in i t ia l  f i r s t  guess.
As noted ea r l i e r , expressions for covariances other than h-h

utilize the geostrophic approximation. Figure 3 is a plot of the
difference between the geostrophic wind and the anal yzed wind for

500 mb at 1200 GMT on 14 December 1967.  C lea r l y  shown is the
presence of a reasonab le  ageos t roph ic  w ind  component  in the resul t -
ant ana l ys i s , despite the constraint on the covariance functions.

Changes in the ana lys i s  r esu l t s  were a n t i c i p a t e d  when the
procedure involved in the methods of determining the CMV inse rtion

leve l  in this study were des igned .  A question arose as to whether

the observed chan ges might be due mainly to the treatment of the
analysis rather than the different levels of insertion. The

s e n s i t i v i t y  of th is  obj e c t i ve  a n a l y s i s  procedure to s l i gh t  changes
in the a n a l y s i s  con f igu ra t i on  have a l s o  been demons t ra ted
(Scha la t t e r  et al ., 1976). This was accomplished by computing a

forecast from the result of six dif ferent analysis configurations

which varied the source of the first guess and the parameters
analyzed. Comparisons of these forecasts show differences in

root-mean-square (rms) scores of the wind and geopotential hei ght

10 •
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Figure 3. Presence of ageostrophic component in Northern
Hemisphere analyzed wind field, obtained by subtraction
of the geostrophic wind component (computed from the
height field ) from the analyzed wind at 500 mb for
1200 GMT, 14 December 1967 . Length • f  vectors is propor-
tional to the wind speed and isotach~ are drawn at
intervals of 5 rn/sec . (After Schiatter , Branstator , and
Thiel , 1976)
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of only about 10 percent .  T h is  resu l t  sugges ts  that d i f .fe rences in
resu 1t ~ n.g ana l yses  in the present  study were due to the level
di f fere nc e s and not to the e f fe c t s  of t he ana lys is ha ndli ng s itua-
t ions  d i f fe ren t l y .
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4. DATA

4.1 RAW INSONDE OBSLRVAT IONS (RAOBS )

RAOBS for 00 GMT , 25 January 1976, through 00 GMT, 28 January
• 1976 , were used in all exper iments .  Observat ions  at 00 GMT and

12 GMT were l inearly in terpolated to 06 GMT and 18 GMT to obtain
RAOBS at s ix-hour  in te rva ls .  Only those s ta t ions  w i th  reports at
both 00 GMT and 12 GMT were used in the in te rpo la t ion .  A l l  reports
wi th in  the ana lys is  area were used.

4.2  CLOUD MOTION VECTORS ( CMV )

CMV were computed by the Un ivers i ty  of W i s c o n s i n  Space Sc ience
and Engineer ing Center (SSEC)  on the Man-Computer Interactive Data
Access  System (McIDAS) during a Global A tmospher ic  Research Program
(GARP) Data Systems Test  ( D S T ) .  The l i te ra ture  conta ins  descr ip-
t ions of the McIDAS system and its a p p l i c a t i o n s  (Suomi , 1975;
Smi th , 1975; Chat ters and Suomi , 1975) ,  and the data a c q u i s i t i o n

process during the January-February 1976 DST (Mosher , 1976b ;
Chatters , 1976) .  It is important to note that these vec tors  were
der ived in real time and are not a spec ia l  set der ived for resea rch
purposes; therefore, the par t icu la r i t i es  of quant i ty  and quality

are those typical of an operational environment.

Two CMV were computed from three SMS-2 images ( v i s ib le  and
infra red) at 30-minute in terva ls  and centered at GMTs 0415 , 0945 ,
1515 and 2245 , for the period 2245 GMT , 24 January 1976 , to 2245
GMT , 27 January 1976. Since the ana lys is  was done at s tandard
synopt ic t imes , the averages of these two CMV were inser ted at the

• ana l ys i s  time s c loses t  to the c loud-wind center t imes noted above.
An example of the 850 mb data d i s t r i bu t i on  for 00 GMT , 28

January (CMV center time 2245 GMT , 27 January ) is shown in Figure 4.

CMV are represented by wind barbs at points indicated by asterisks;
an X w i t h  a w ind barb and height  and temperature in standard posi-
t ion ind ica tes  a RAOB. Units are knots , geopotent ia l  meters , and

degrees c e l s i u s  (kt, m , °C) respectively. The dominance of cloud

motion vectors  over the Pac i f i c  Ocean and of RAOBS over North
• 

. Amer ica is ev iden t .  The d i s t r i bu t i on  for 300 mb (F igure 5) shows

13

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

••  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _ _ _ _ _ _ _  - 

— -• -

-p. - 
-•— .—z-. — •

~~
—-

~
—- •

I - 
— _ ,•  .

S..e •S ~‘a •• •. — . c — ¾ • — - -t ¾ I .~
-~~ ~- -- -•‘~~~‘-- -- ~~~~~ ~ 

. L — - - - S 

~~~~~~ 
-~~

~~ -~~i-~-~~ ~
!-

~ : ~~~~~~~~~~~~~~~~~~~~~~~~~ 1 • ..

• 
-
.

•• •  

-

~ •~3 -• • 
•. 

‘
.

• • • -

t
— ..

~~ 
‘ •‘~

~ . 
~~~-

- 1, ,_ ,\ .3
~ 13

-. • 
• I

I

F 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~ H

Figure 4~ 850 mb data distribution , 00 GMT,~ 28 January 1976.
Observations with numeric designations for height and tempera-
ture are rawinsonde reports. Observations with wind designation
only are CMV tracked at times between 2215 and 2315 GMT. Units
are knots, geopotential meters and degrees centigrade .
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two areas of CMV : one extends across Mexico and the Gulf of Mexico
area , and the other across the northwest United States and adjacen t
Paci f ic  Ocean. Although the level determinat ion methods u t i l i zed
in this study al tered the spec i f ic  ver t i ca l  loca t ion  of the c loud
motion vectors , these f igures i l l us t ra te  the general d i s t r i bu t ion
of the data used .

- In addi t ion to wind ini~ormat ion , the Mc I DAS a l so  computed
c loud-top temperature, c loud th ickness , and approx imate  height ( in
hundreds of m i l l i bars ) .  The c loud- top  temperature was determ ined
from the infrared data and an e m i s s i v i t y  wh ich , in turn , was

der ived from the opt ica l  t h i ckness .  De ta i l s  of the computat ion of
opt ical th ickness and physical  th ickness  have been descr ibed by
Mosher (1974) .

One important ch a r a c t e r i s t i c  of the method by which the
cloud-top temperature and thickness are determined merits speci al
mention. Standard procedure for the Mc I DAS operator  dur ing th is
DST was to v i sua l l y  ident i fy a “ f lee t ’ s  of c louds , ( i . e . ,  a group

of c louds re lated geograph ica l l y ,  cons idered  to be at the same
leve l ,  and possess ing  s im i la r  c h a r a c t e r i s t i c s  (GARP , 1978 ) ) ,  and

then to compute the c loud- top  temperat - ure and th i ckness  for a few
cloud elements and ass i gn  the sub jec t i ve  average of these va lues
to all vec tors  computed within th is fleet. This was done to
increase the speed of the t rack ing  procedure and to u t i l i z e  the
operator ’ s exper ience to min imize level  ass i gnment  errors . In
this study , however , ind iv idua l l y  determined c loud- top  temperatu re
and th ickness  wou ld  have been of va lue  s ince  each vec tor ’ s l e ve l

is determined ind iv idua l ly  in co mpar ison  w i t h  a f i r s t  guess f i e l d .

4.3 SYNOPTIC SITUATION

The Fleet Numerical Weather  Cent ra l  ( F NWC)  opera t iona l
ana lys i s  of geopotent ia l  height at 850 mb for 00 GMT on 25 and
28 January (F igure 6 ) shows the synopt ic  s i t u a t i o n  for the per iod .
A blocking high dominated the s i tua t ion  off  the west coast of the

United S ta tes ;  it moved only s l i gh t l y  eas tward  and expanded to
encompass the Rocky Mountains during the per iod of th is study . A
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Figure 6. Synoptic situation depicted by the Fleet
Numerical Weather Central 850 nib height analysis for
00 GMT, 25 January 1976 (top) and 00 GMT , 28 January 1976
(bottom) plotted on a polar stereographic grid with a 30 m
contour interval .
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low in northeast  Canada gave r ise to thunderstorms down the eastern
seaboard of the United States on 25 January , b ut move~I quickly out
of the region. A new trough was centered over the cent ra l  states

at the b e g i n n i n g  of the per iod;  this storm weakened and moved into
the eastern part of the country on 28 January as another trough
moved i nto the mi dwes t from cen tra l Cana da .

In the tropics on 25 Januar y (not shown i- n F igure 6), there
was a large area of cloud activity between latitude 20°N and a
well -defined intertrop ical convergence zone (ITCZ) at 5°N , -and

long i tude 145 °W to 1 1 5 ° W .  The s t ruc tu re  of c louds  in the region
s l o w l y  los t  i ts form dur ing the a n a l y s i s  per iod and became more

• sparse in nature; the strongest portion was in the eastern par t

of the region , off the coast of Mexico , by 28 Januar y .

I
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5. PROCEDURE

A control experiment and four other a s s i m i l a t i o n  exper iments
were conducted using the procedures shown schemat i ca l l y  in Figure 7.
In the control case,  wh ich  included only the RAOB data , an a n a l y s i s
was performed every six hours using analysis fields from the
previous synopt ic time as the first guess and i nse rt i ng  RA O B data .
For the cases in which RAOB S and CMV were inser ted , an anal ysis was
also performed every six hours us ing the prev ious ana l ys i s  as the
f i rs t  guess.  The RA OB data were sub jec ted  to an error e l i m i n a t i o n :
all RAOBS d iscarded  by the qua l i ty  contro l  procedures in the
control case for the same t ime were e l im ina ted  from the dat a set
before ass im i l a t i on  by the ana l ys i s  in subsequent  c a s e s .  CMV
pressure heights computed by Mc I DAS (as e x p l a i n e d  in S e c t i o n  4)
were replaced by a pressure leve l  determined by one of four methods ,

each of which  used the previous analysis as the basis for the
determination. At the initial time , the resultant anal ysis from the

con trol cas e for 00 GMT , 25 January was used.

19
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Figure 7. Assimilation procedures for the rawinsonde-observation-
only case and the rawinsonde-plus-CMv cases . Vertical arrows
show data flow between various steps of the procedure . Horizontal
arrows ind icate use of the first guess and previous analysis
results by the current analysis cycle.
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6. LEVE L DETER t INAT I O N METH O DS

Four methods for defining the assimilation level were tested.
In eac h me thod , the given pressure height computed by Mc IDAS was
rep laced bj’ one of the 10 analysis pressure levels. The vectors
thentselves were not altered; only the level at which these values
were assimilated was changed.

To illustrate these methods , Figure 8 shows a cloud spanning
three objective analysis levels for which a CMV has been computed.
The following descriptions assume that this is the average state of
the cloud over the hour period during which the motion occurred.

6. 1 CLOUD-TOP LEVEL

The Mc IDAS wind tracking system determines a pressure height
of the top of the cloud being tracked , based on the cloud-top
temperature (corrected IR temperature) in relation to a standard
atmospheric temperature profile. Since the CMV is to be inserted
in an objective analysis , a better estimate of the correct analysis
level for assimilation can be obtained by using the analysis itself
rather than a standard atmosphere . In this method , CMV were
assimilated at the level at which the cloud-to p temperature best
corresponded to the anal yzed temperature as obtained from the
previous analysis , at the grid point nearest the CMV observation.

6.2 WIND-FIT LEVEL

So-called level of best fit (LBF) techn iques have been used in

the past to investi gate the accuracy of cloud winds in relation to
rawinsonde observations (Hubert and Whitney, 1971; Davis et al . ,

1973). CMV were assigned heights which minimized the vector
difference between the cloud motion ar~d the w ind  p ro f i l e  of a nearby
rawinsonde. Davis et al. (1973) found that the LBF for conv ectively-

based c louds was lower than the cloud-top height  de r i ved  from
infrared measurements , and that the LBF for thin cirrus clouds was

higher.
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A similar techniq ue , but one designed to minimize the ambiguity
attributed to LBF techni q ues , was used for the second method. The
vector  d i f fe rence  between the c loud mot ion vector  and the ana l ys i s
wind prof i le  at the neares t  gr id point for the p rev ious  time was
m in im ized  to determine the “wi nd- f i t  leve l  . “

Davis (1976) cites a problem in using the LBF whi ch also affects
the wind-fit level determination method used here : the recurrence of
similar , winds at different levels. This is particularly serious
since cloud motions may resemble an anal ysis wind at more than one

level , especially for upper level- cloud motions , and so allow the

assignment of a level at a much different height from the actual
cloud. The wind-fit minimization in this study was confined to only
those anal ysis levels plus or minus two levels from the level •in

which the original McIDAS height assign ment fell. Although this
restriction still allows the discrepancies to occur , inspection

revealed no obvious examples of th is.

6.3 CLOUD-BASE LEVEL

Hasler et al . (1977) and Hasle r and Shenk (1977) have measured

cloud motion and wind at vari ous levels simultaneously from aircraft
in a number of samples of clouds. The ir experiments have shown that

oceanic trade wind and subtropical high regime cumulus clouds move

within 1.3 m/s of the wind-at cloud base, within the error limits

of the experiments . Isolated cirrus clouds were found to move
within 1.6 m/s of the cloud layer mean wind. The mean wind for

cirrus may likely fall within the same analysis level as the cloud

top, but the cloud -base wind for cumulus will in man y cases fall

within a different level from that of the cloud top.

Thus , in the third method , the CMV was assigned to the c loud-

base level. The cloud-to p level was determined , as in the first

method , from the cloud-top temperature and the temperature profile

for the previous analysis at the nearest grid point. The physical

cloud thickness obtai ned during cloud trackin g (as described in

Para. 4.2) was then subtracted from the he ight at this cloud-to p

level - The anal ysis level within which this reduce d height occur red

was ass i gned to the CMV as its as similation level . I 
-
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6.4 ‘ CLOUD I N C L U S I V E  L E V E L

As noted by Bengtsson ( 1 9 7 5 ) ,  the motion of a c loud is a f f ec ted
by shear and mixing processes; therefore, a CMV sho uld be in terpre ted
as an integrated effect of horizontal and verti cal motions. Recent
studies (Smith and Hasler , 1976; Hubert , 1976a) have suggested that

cloud motions near disturbances in the t rop ics  do not represent the
wind at one par t i cu la r  leve l  . In l ight  of these resu l t s , the Clo ud
Inc l us i ve me th od was dev i sed .

This method assigned the vector value to every level which
encompassed the cloud being tracked (i.e., every level in between
and including cloud-top and cloud-base levels). The cloud-to p level
and cloud -base level were determined by the methods described in

Paras .  6.1 and 6.3 above , respectivel y. The CMV was assimilated at

both of these levels and any intervening levels. Cloud top and

cloud base for many CMV fell in the same analysis level , and the

vector was inserted at only one level; for most other clouds the
thickness was not great enough to include more than two levels.

Although not physically realistic , this technique allowed

each level which might have received the CMV informat ion , depending

on the method of level dete rmination , to be affected by the

information.
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7. RESULTS

Two different aspects of each of the level determina tion methods
were examined: (1) Effects of the methods on the vertical and
temporal dis tribution of the CMV , and (2) effects on the resul tant
analysis after the vectors were assimilated. A third aspect , th.at
of producing a forecast with the analysis results , was outside the
scope of th is  s tudy .

7.1 EFFECTS OF METHODS ON DATA DISTRIBUTION

If the first guess is a reasonable estimate of the state of the
atmosphere for the analysis time , then the data inserted should be
in relative agreem ent with this first guess , but adjust it toward a
more accurate solution. A comparison between the data and the first
guess has value in evaluating the information content of the data .
Mean RMS differences , Dk, by level between the CMV after level
determination and persistence were computed for each method. These
differences are shown in Figure 9. was given by:

M 
~ 1 

N i k  2 1 N 2
= 

~ 
‘
~ N ~ (U - U + N ~ (V - V )

j= l j ,k i= l ~i ,j ,k S~ ,j ,k j ,k 1= 1 ~
‘i ,j ,k ~i ,j ,k

where Ni,k is the number of SMS observations at level k and time i~
and M is the number of analysis times. U~, and V~ are the u- and
v-components of the persistence first guess at the nearest grid

point , and at level k and time j. Similarly, U 5 and V
~ 

are the

components of the cloud-wind at level k and time j. Above 200 mb ,

the number of total observations enter ing into the computation was

quite small , making the results less sign ificant.

Also plotted , in addition to the three methods for dete rmining

the assimilation level that were utilized for the full period of

this study , were the mean RMS diffe rences between the cloud winds

at the Mc IDA S computed levels and the Control case ’ s persistence

first guess . The Cloud Inclusiv e case is not shown bec ause it was

utilized for only one day of data . Since the goal of these methods ’

utilization was an improvement in the analysis , the RMS differences
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Figure 9. Temporal mean root-mean-square differences between the
persistence wind vectors and the CMV after determining the
insertion level for the Wind-fit , Cloud-top and Cloud-base methods .
RMS differences between Control persistence and the original levels
are also shown .
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should be less than or equal to those for the data at original
l e v e l s .  . As F ig ure 9 s h ows , this was true for all methods at all
l e v e l s  except  for the Clo ud—top case at 850 mb . The Wind - fit result
was by far in the c loses t  agreement w i t h  the f i r st  guess , but
should have been by definition. It represents the best attainable
result with the giv en data if the cloud wind values retain their
identity (and persistence is used as first guess ).

Because only the height was changed for each CMV , the number
of vectors at a particular time was the same for each experiment,
except for the Clo ud Inclusive method. (In this method , vectors
for thick clouds may have been assigned to more than one level.)
However , due to the different methods of determining the level ,
the number of vectors at each level varied among experiments.
Temporal distributions of the respective methods for a particular
analysis level were investigated by plotting the number of observa-
tions at one time as a percent of the vertically totaled observations
for that time . This was done for the lower levels (Figure 10) and
the near-tropopause levels (Figure 11).

Fundamental differences between methods are immediately
apparent upon inspection of Figure 10. Generally, a larger
percentage of vectors in the Cloud-top case were placed at 700 mb
than at 850 mb , while the reverse was true for the Cloud-base case
(although not to as great a degree). This is to be expected in
light of the algorithms utilized to determine the anal ysis level.
In the Cloud-top case at 06 GMT , 26 January , the percentages were
atyp ical due to a large decrease in the total number of lower level
vectors at that time , particularl y at 700 mb .

The 700 mb graph for the Cloud Inclusive case was similar to

the Cloud-top case; the 850 mb trace resembled the Cloud-ba se case.

Only one day of the three-da y period was completed for the Cloud

Inclusive experiment because it appeared to be a middle state

between the Cloud-top and Cloud-base methods. This was especially

true of the upper-level vectors , as shown in Figure 11.

The Wind-fit distributions demonstrated a tendency to equalize

the number of CMV on the vertical . The 850 mb level showed a
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decrease from a large percentage at the beginning of assimilation
to a mid -ran ge percentage at the end. The 700 mb percentages ,
however , increased from low to mid -range values. To see if this
trend continued , the level assignment program was run for 06 GMT on
28 January using 00 GMT SMS satellite data (06 GMT data was not
available); results gave values of 17% at 850 mb and 22% at 700 .mb .
An i nc reas ing  number of winds ass igned  to 850 mb at the in i t ia l
time were assigned to 700 mb as time progressed , until the number
of observations at the two levels was essentiall y equal. This
peculiar tendency encouraged closer examination of the effects of
the Wind-fit method.

Additional disturbing characteristics presented themselves
when the relationship between the level assigned by the various
methods and the original McIDAS-assigned level was examined .
Table 2 shows the number of vectors at each original level for
00 GMT , 28 January , which was assigned to each new level by the
level determination methods. After assignment , the Cloud -to p and
Cloud-base distributions at the tropopause levels contained vectors
which was originally at or near these levels. For the Wind-fit
method , however , vectors originally at 300 mb were relocated to as
many as seven different levels ranging from 700 to 150 mb . Since
CMV have a height error (usually within 100 mb), the Cloud-top
and Cloud-base cases vertical distributions seem reasonable , while
the distribution for the Wind-fit case does not.

Plots in Figure 12 illustrate the number of CMV at each level
as a percentage of the total CMV at all levels for one time . Dashed
lines show the range of these percentages over the three -day period;
the solid line is the mean over the period. Where insertion was at
the cloud top, a large peak occurs at 700 mb with smaller peaks at
200 and 300 mb. The Cloud-base method is similar , but the lower
level maximum is at 850 mb. The Wind-fit method produces a smooth
curve , increasing downward , with a smaller variance in the values
over the period. The Cloud-base result is the most realistic with

respect to studies showing cloud-wind quantity maximum near 300 and

900 mb (Hasler and Shenk , 1977; Hubert and Whitney , 1971).
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Ta b le 2. Ver ti cal reass ig nmen t for OOZ 28 Jan.

(a) Clou d-Top Method
Level Level After (mb)

Before (mb ) 850 700 500 400 300 250 200 150 100 70 Totals
900 8 208 0 0 0 0 0 0 0 0 216
800 2 18 0 0 0 0 0 0 0 0 20
700 0 0 6 0 0 0 0 0 0 0 6
600 0 0 0 0 0 0 0 0 0 0 0
500 0 0 0 0 0 0 0 0 0 0 0
400 0 0 0 0 9 2 0 0 0 0 11
300 0 0 0 12 85 39 0 2 0 0 138
200 0 0 0 0 0 23 37 0 0 0 60
100 0 0 0 0 0 0 15 13 6 21 55

Totals 10 226 6 12 94 64 52 15 6 21 506

(b) Cloud-Base Method
L - ve l Level After (mb )

Before (mb) 850 700 500 400 300 250 200 150 100 70 Totals
900 216 0 0 0 0 0 0 0 0 0 216
800 2 18 0 0 0 0 0 0 0 0 20
700 0 3 3 0 0 0 0 0 0 0 6
600 0 0 0 0 0 0 0 0 0 0 0
500 0 0 0 0 0 0 0 0 0 0 0
400 0 0 0 11 0 0 0 0 0 0 1 1
300 0 0 0 12 95 29 0 2 0 0 138
200 0 0 0 6 27 4 23 0 0 0 60
1 .00 0 0 0 0 0 0 15 13 6 21 55

Totals 218 21 3 29 122 33 38 15 6 21 506

( c )  W i n d - F i t  Method
Level Level After (mb)

Before (mb) 850 700 500 400 300 250 200 150 100 70 Totals
900 73 95 48 0 0 0 0 0 0 0 216
800 5 3 12 0 0 0 0 0 0 0 20
700 3 3 0 0 0 0 0 0 0 0 6
600 0 0 0 0 0 0 0 0 0 0 0
500 0 0 0 0 0 0 0 0 0 0 0
400 2 1 2 1 2 0 3 0 0 0 11
300 0 12 13 28 23 20 22 20 0 0 138
200 0 0 0 7 10 17 8 4 6 8 60
100 0 0 0 0 0 12 20 8 9 6 55

Tota~ s 83 114 75 36 35 49 53 32 15 14 506
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The vertical dis tribution for a small area of the Pacific
Ocean was determined for the 2245 GMT , 27 January , data. The
distribution is depic ted in Figure 13 for the three metho ds and
for the ori ginal McIDAS vectors. The area b oundaries are 32° to
10° north latitude and 145° to 126° west longi tude. Individual
motion vectors are denoted by numerals i ndicating the levels at

•which the parti cular method assigned them. From this , the distribu-
tion in the vertical can be discerned by grouping the observations
by fleets. Note that the original level assig nment was to the
nearest 100 mb , so there were no 850 , 250 , or 150 mb vectors for
this illustration; 800 mb vectors were p lotted at 850 mb. The
visible and IR images for the same area and time are shown for
comparison in Figure 14.

The similarities in fleet boundaries between the distribution
generated by the C1o~ d-top and Cloud-base methods are readil y
evident. They agree in general with those of the origin al level
assignments. The major difference is that the Cloud-top method
assigns levels a level higher than the Cloud-base case , particularly
at low levels. Both distributions agree well with the o riginal
images. Note that the Cloud-base algorithm assi gns the upper
portion of the distribution to 300 mb and the southeast portion to
250 mb. This two-level formation also appears in the images.

Although the basic distribution is the same for the Wind - fit

case , the vectors have been assigned to a greater variety of levels.
The fleet concept becomes difficult to apply. Vectors are also

assigned to unreasonable levels compared to the satellite images ,

such as the 70 , 100 , and 150 mb vectors in the northwe st quadrant

of the storm. Of course , this method ’ s unreasonable assignment in

comparison with the images does not preclude it from gi ving a useful

analysis. The best level for assimilation of a vector may not be

the most real istic level , just the one most representative of the

wind.
One othe r point deserves mention. Vectors w hich were at the

same leve l for all three methods were identi fied , and their di stri-

but io n in the vertical and in time are shown in Table 3. The
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values for the percentage of total possib le vectors for each time
ranged from 6% to 26% with a mean of 14%. The fa~~ t that only a smal l
percentage of vectors were placed at the same level by all three
methods is an indi cation of the difference in the level assignment
results of the me thods. Approximately 85% of the vectors at each
time for a particular method are at different levels than in the
other experiments.

7.2 EFFECTS OF METHODS ON ANALYSIS

Streamline analyses at the 850 mb level for 00 GMT , 25 January ,
one cycle after the beginning of the analysis , are shown in Figure
15 for the Control and Cloud -ba se cases .. These show essentially
the analysis without and with cloud motion vectors , respectively.
Over the U. S . and Canada , regions covered satisfactorily with
rawinsonde data , the analyses are nearly identical . But in areas
of the Pacific Ocean such as south of Baja near the southern grid
boundary (area outlined) where few rawinsonde are available , the
cloud winds force a southeasterly flow on what is a northwesterly
fl ow when no CMV are used. Film loops of the original SMS images
encompassing this time confirm the southeasterl y analysis.

Figure 16 shows the same streamline analysis as Figure 15,
only for the Cloud-top, Cloud Inclusiv e and Wind-fit experiments.

Cloud-top, Cloud -ba se , and Cloud-Inclusive cases are ne arly

identical; isotach and height analyses and all parameters at other

levels showed this same similarity after just one cycle. The Wind-
fit case result also is very similar to the others , but does show

differences such as the cyclonic flow off the coast of South America

and less pronounced perturbations in the equato rial mid — Paci fic

region.
To show the vertical difference between level dete rmination

methods after the first cycle, meridional cross-sect ions of wind

fields were constructed for each method as shown in Figure 17.

Shown are the u-component wind p lots at 130° west long itude for

Control , Wind-fit , Cloud-top, Cloud-I nclusive , and C l oud -b a se

methods. The entire anal ysis field was used for convenience , but
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values for the percentage of total possible vectors for each time
ranged from 6% to 26% with a mean of 14%. The fact that only a smal l
percentage of vectors were placed at the same level by all three
methods is an indication of the difference in the level assignment
results of the methods. Approximately 85% of the vectors at each
time for a particular method are at different levels than in the
other experiments.

7.2 EFFECTS OF METHODS ON ANALYSIS

Streamline analyses at the 850 mb level for 00 GMT , 25 January ,
one cycle after the beginning of the analysis , are shown in Figure
15 for the Control and Cloud -ba se cases .. These show essentially
the analysis without and with cloud motion vectors , respectively.
Over the U.S . and Canada , regions covered satisfactorily with
rawinsonde data , the analyses are nearl y identical. But in areas
of the Pacific Ocean such as south of Baja near the southern grid
boundary (area outlined) where few rawinsonde are available , the
cloud winds force a southeasterly flow on what is a northweste rly
flow when no CMV - are used. Film loops of the ori ginal SMS images

encompassing this time confirm the southeasterly analysis.
Figure 16 shows the same streamline analysis as Figure 15 ,

only for the Cloud-top, Cloud Inclusiv e and Wind-fit experiments.

Cloud-top, Cloud-base , and Cloud-Inclusive cases are ne arly

identical; isotach and height anal yses and all parameters at other

levels showed this same similarit y after just one cycle. The Wind-
fit case result also is very sim ilar to the others , but does show

— differences such as the cyclonic flow off the coast of South America

and less pronounced perturbation s in the equatorial mid-Pacific

region.
To show the vertical difference between level dete rmination

methods after the first cycle , meridional cross-sect ions of wind

fields were constructed for each method as shown in Figure 17.

Shown are the u-component wind plot s at 130° west long itude for

Control , Wind -fit , Cloud-to p, Cloud-I nc lusive , and Cloud-ba se

methods. The entire ana lysis field was used for conven ience, but
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af ter  only one cyc le  boundary e f f e c t s  shou l d  not be p ronounced.
The vertical coordinate is pressure level.

There is relative agreement between all cases; diff erences
ex is t  in strength and pos i t i on  of the uppe r—leve l  mid -lat itude jet
and in low -level easterly flow north of 40°N. The Control and
Wind - fit cases are larg ely the same except for a strenthening of
both of these f l o w s .  The three JR t empe ra tu re -based  c a s e s  are
nearly identical except that the Cloud -to p case double jet maximum
is at 27°N and 34°N and 250 mb; the Cloud - Inclusive triple maximum
is at 27°N , 30°N and 34°N , and between 200-300 mb; and the Cloud-
base case double maximum is located at 30°N and 34°N and 300 mb.
Notice that the Cloud - top case locates the jet hi gher than the
Cloud-base case , and that the Cloud- Inclus ive case is a combination
of base and top methods. Similar results were evident in the
v-component cross-section (not shown). A set of cross-sections
through 90°W , a rawinsonde -rich area in the middle of the U.S. ,
gave results which were nearly identical to each other. .1

Thus , after the first analysis cycle , a comparison of results
from the var ious methods showed few differences. The only evident
variations were in the location , strength , and structure of the jet

max i mum.
Since each execution of the analysis uses persistence as a

first guess , each assimilation of the three-day period multi plies

the e f fec t  of each method of leve l  de te rm ina t ion .  To i l l u s t r a t e
that the use of persistence does not lead to an unreasonable
a n a l y s i s  after three days , height analyses were compared for 00 GMT

5 
on 28 January . Figure 18 shows the Fleet Numerical Weat her Central

(FNWC) operational anal ysis and the Cloud -to p method result at the
850 mb level  for app rox ima te l y  the same area. The FNWC analysis
used a polar stereographic grid. General features are the same ;

small perturbations in the Cloud-top anal ysis are a result of
per sistence. Despite the fact that no forecast was used in the

cycle, generally good analyses resulted even after three days.
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interval is 30 rn/sec . FNWC field is polar
stereographic grid ; Cloud-top analysis is
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Since a large number of CMV were inserted at the 30Q mb level 9

in al l  of the exper iments , the 300 mb s t r eam l i ne  ana l yses  were
selected to indicate the effects of three days of assimilation on
the experiments. Isotach , height , and streamline analyses had the
same general characteristic for most levels. Fig ure 19 shows these 5
s t reaml ines  for 00 GMT , 28 January , for the Control case and for
each level determination method: Wind-fit , Cloud-top and Cloud-
base. The Cloud-Inclusive case was not run past one day due to its
similarity to the Cloud-top and Cloud-base cases . 

5

Differences between the methods are subtle but definitive.
There are two anticyclonic patterns evident in the equatorial region
of the Wind-fit case which do not appear in the Control case or
other methods. This feature beg an to appear a day earlier in the

assimilation , and continued to develo p, so it is not solely an
effect .of the data for the last time period. Such a flow is not

suggested by satellite images at the same time ; it appears to be

a result of the Wind-fit case ’ s character istic of placing opposing

cloud w inds (which should be at very different levels) at the same

level .
A l l  th ree  l e v e l  determination methods introduce a pertu rbation

into the Pacific flow west of the Baja Peninsula. This motion

appears to be realistic as seen in the satellite images (Figure 14),

and is more evident in film loops. The cyclonic structure developed

by the Cloud-base case is particularly representative. Again ,

rawinsonde-dense regions are near ly identical.
Comparison of these anal yses is difficult. To ach ieve a

better grasp of the differences between methods , the RMS differences

of the w ind components between each method and the Control case

were plotted. Figure 20 shows the se differences for the 250 mb

level. The small differences over the United States ’ dense rawin- 5

sonde network are readil y evident. CMV have little effect over

this area regardless of which method is used. The larger differ-

ences in m iddle Canada are the effects of CMV at 12 GMT and 18 GMT

of 26 Janu ary in an area of few RAOBS.
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28 January 1976 for (a)  Contro l , (b )  Wind-f i t ,
(c) Cloud-top , and (d) Cloud-base cases .
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The similarity between Cloud -base and Cloud -top cases noted
in the s t reaml in es  (F igure 19) is s t i l l  ‘evj4ent here . However ,
differences as large as 24 rn/sec in the Cloud -to p case and 16 rn/sec
in the Clo ud-base case are apparent off the coast of California.
These appear to be due to a large number of vec to rs  wh ich  were
inser ted 12 hours p rev ious ly  at 250 mb by the Cloud -to p method , but
at 300 mb by the C loud -base  method , thus chang ing  the s t ruc tu re  of
the t rough west  of this area. At the time these differences were
computed , persist ence had led to a difference of positio ’n of the 5

-

trough and the extent of the high pressure area over Ca li fornia.
Similar differ ences occur in the v-component RMS portrayal. It is
not possible to state which result is the better of the two .

Despite the fact that the Wind -fi t method fits the wind as
closely as possible to the Control case , the RMS differences
between the Wind-f it and Control cases after three days are larger
in some areas than for the other two methods. This suggests that
successive insertions agree with persistence to a larger extent in
the temperature -based methods than in the Wind-fit method.

For 850 mb (Figure 21), the basic RMS differences between
methods are as described above for 250 mb except that the overall
RMS differences are not as great.

To investi gate the temporal changes in the anal yses , a mean
value for each wind component over a specified area at each le vel

for each time was computed , and a level versus time plot was
constructed for each method and for Control . Means were computed 5
and plotted for the tropics , the U.S ., and an area of the Pacific.

Diagrams for the ocean area , u -component , are shown in Figure 22.

Area limits are from 50° to 20° north latitude and 145° to 125°

west longitude. Note that the vertical coordinate , although

labeled in pressure , has been plotted in hei ght of the standard

atmosphere at the pressure indicated.
The Cloud-top and Cloud-base cases are again very simi lar 

—

in their changes with time . Both po rtrayed the passage of the

storm system through the area with maxi mum winds at 300 mb on

27 January at 00 GMT . However , the Cloud-top case decreased wind

speeds in the area six hours slower than the Cloud-base case.

Otherwise the differences are insign ificant.
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Figure 21. Same as Figure 20 , but for 850 mb.
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No identifiable wind maximum asso ciated with the storm system 4
in this area is seen in the Wind - fit or Control cases. This is
reasonab le  for the Control result , g iven  the lack  of data in the
area , but the same data availa ble to the other two methods was
available to the Wind - fit assimilation (only the lev el of insertion
was changed). As shown previo usl y, the Wind -fit method ’ s
characteristic of scattering tropopause vectors across five or more
l e v e l s  l e a d s  to minimal impa ct of the data at any one level .
In te r rup t ions  in smooth changes such as those that oc cur red  be low
300 mb at 00 GMT and 18 GMT on 26 Janua ry are due to temporal
inconsistencies in the CMV data such as the lack of defin tive
fleet bo undaries.

Level-time analyses over the U.S. showed no differences a.s
expected. In an area of the tropics , differences similar to those
above were noted , although they were not as pronounced.

RMS wind differences at each level over a specific area
between each of the three level determination methods and Control
were computed for the last time of the experiments , 00 GMT , 28
January. Figures 23 and 24 are graphs of the u-component for two
areas , a rawinsonde data -r ich area and a rawinsonde data-sparse
area , respectively. Latitud e-lon gitude limits of the areas are
55°-25°N , l20° -170°W (Figure 23) and 25°N-5°S , l50° -lOO °W
(Figure 24). All differen ces are nearl y identical over the data -
rich region with maximums at 70 mb and the tropopause. The Wind-fit
c u r v e  g i v e s  lesser differences between 500 and 700 mb .

In the data-sparse region , there are greater differences
between methods. Below 400 mb the Cloud-base case agrees best with
the Control results. All three methods show large differences
between 250 and 200 mb , although the Wind-fit case fares best.

Above 150 mb the Cloud-base and Cloud-to p cases yield identical
RMS d i f f e r e n c e s  and are in slightly better agreement with the
Control than the Wind-fit case. Overall , the Cloud-base method
yields the best RMS differences in comparison to the Control case
at the final analysis time .
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28 January 1976 , for the u-component of the
wind. Area is a rawinsonde-data-rich reg ion
with boundaries 55°— 25°N , 120°— 70°W .
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8. CO NCLUSIONS

Due to the small influence of CMV in data-rich regions when
combined with many rawinsonde observations , little effect on the
analysis in any of the three level determination methods tested
was noted in these areas. In regions sparse in rawinsonde data ,
h ow ever , CMV had a positive effect. The choice of method made only
a slight differenc e in the analysis results after one cycle through
the a n a l y s i s , beginn ing with the same first guess. Rather , it was
the e f fec t  of mu l t i p l e  i n s e r t i o n s  that  led the ana l yses  away f rom
the Control case results and produced more meaningful analyses in
the data-sparse areas. The use of persistence still gave reason-
able analyses after three days of the analysis cycle.

The Cloud -to p and Cloud -base methods showed very similar
results , and from inspection of the one day of analyses using the
Cloud-Inclusive method , it seems likely that it would have compared
similarly. However , a number of results gave the Cloud-base case
a slight edge over the other two if a choice was to be made:
(1) Its vertical data distribution was the most re alistic with
respect to studies citing maximum numbers of vectors at 300 and
900 ni b; (2) analysis results were in better agreement with indivi-
dual original satellite images and image loops after three days;

and (3) it demonstrated the overall best RMS wind difference in

comparison to the control anal ysis for the final analysis results.

The Wind - fit method , by comparison , had characterist ics and

produced results that were questionable. The vertical distr ibution

of the data was quantitatively uniform , and there was a tendency

for the number of vectors at 850 nib and at 700 mb to converge over

time till they were nearly equal. “Fleet” (p.16) boundaries were

almost non-existent within the data a f te r  leve l determination , which

c a u s e d  v e c t o r s  measured within the same cloud to be assi milated at

different levels. Fin ally, the Wind-fit case had les s effect on

the anal ysis results , and in some instances a negat ive effect was

evident.
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As in all cloud motion vector studies , the lack of a ‘definitive .
ground truth was a problem in these experiments. Comparisons with
the first guess , satellite images and the Control case (a measure
of the data ’ s impact on the analysis), as well as comparisons of
method results , were used to get a feel for the “most truthful . “

One other general result was noted and deserves emphasis. The

preservation of the identity of fleets of vectors appears to be

— important for enabling successive insertions to stren gthen rather

than negate the effect of previous insertions. Tentative data
format specifications for the First GARP (Global Atmospheric
Research Program) Global Experiment (FGGE) (GARP , 1978) allow for

the specification of a fleet identi fier which cou ld be used to

ensure that all vectors of a fleet are inserted at the same leve l
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9. CONTINUED EXPERIME NTATION

Because cloud motio n vectors have proven their importance for
use in numerical assimil ation , it is necessary to continue experi-
mentation to improv e the quality and utilization of this
information. Furth er study is particularly warranted in the
problem area addr essed in this study ; the more accurate determina-
tion of insertion level. Assimilation with another type of
objective analysis such as that developed by Barker (1978) is
necessary to identify the effects of the statistical ni u l tivariate
techniques within this study . A combination of the Cloud-base
method in regions sparse in rawinsonde data and no CMV insertion
in rawinsonde -data-rich areas should be tested , as should more
sophisticated techniques such as level identification based on the

known characteristics of a cloud ’ s type. Forecast verification
should be employed to fully gauge each method’ s accuracy .

Study regarding the fullest use of CMV in numerical assimila-
tion is also necessary , realizing that the characteristic s of these

vectors are unique in compari son to other information sources.

Two additional areas needing attention are determination of which

quantity (vorticity , divergence , direction , etc.) is most use ful ,

and iden J fication of the special proble ms vertical coupling in

assimilation may face when util izing cloud-winds .

Much previous work in data assimil ation has treated all in put

data the same . The best util ization of all data w ill result from

combining each data sou rce with each other sou rce to extract the

optimum information. Studies investigating the feasibility of

computing wind profile s by coupling cloud mot ion vectors with

satellite temperature sound ings are of this persuasion. Also

needed are adv anced methods of blendin g GOES wind vecto rs with all

types of conve ntional data.

The ultimate so 1ut i~~ lies in the design of numerical model
assimilation systems which take all data sources into accou nt.
The first step toward that end is the development of systems

geared specifically to satellite data , beginning with the primit ive
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equat ions and bu ilding a model , basing each decision and choice in

the development process on the characteristics of sate llite data .

The merging of this type of system with present , convent ional -data-

directed models could produce -a unified system that trul y uses all

information.
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APPENDIX A

ANALYSIS FIRST GUESS

A .l PERSISTEN CE AND CLIMATOLOGY -

Each analysis cycle used both persist ence and a clima tology as
first guesses in different parts of the grid. If the grid poin t
being analyzed was at a location outside the tropics (greater than
20 0 l a t i t u d e ) ,  pe rs i s tence  was used as a first guess for all data
points wi thin the 1500 km range used to calc ulate the grid point
value. For all grid points in the trop ics , climatology was used.
Since a grid point coul d be at l5°N but might use a data point at
28°N , an overlap was needed. Thus , persistence was utilized
between 75°N and 5°N and climato logy was used between 35°N and l5°S.

A.2 INITIAL FIRST GUESS FOR PERSISTENCE

For tem pera ture , the initial first guess for persistence was
the National Meteorological Center (NMC) operational analysis for
the initial time , 00 GMT on 25 January , 1976. Unfortunately, this
analysis was available only between l8°N and 75°N. All points at
the equator were set equal to the mean of all points in the row at

18° , and then rows between 5°N and l8°N were linearly interpolated.

For the wind , the initial first guess was geostro phically

computed from a height field with the Corio l is parameter for 20°

used for latitudes less than 20° . The height field was the NMC

analysis with interpolation to 5°N as was done for temperatu re.

A . 3 CLIMAT O LO G Y

A winter set of climatology values was available for this t: rid

for the u and v components of the wind , but not for tem perature.

Instead , an ersatz climatolo gy was assumed by us ing the above-

def ined p e r s i s t e n c e  f i r s t  guess to 5° N , con t i nu in g  the in te rpo la -
tion to the equator , and assuming a un iform field sout h of the

equator equ al to the value at the equator . This was a poor first

guess , but it was generate d by NCAR without control of the au thor .

Height was not analyzed in the trop ics , so no climato logy was nee ded.
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