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Fine-Scale Doppler Radar Observations 
of Tornadoes 

Joshua Wurman," Jerry M. Straka," Erik N. Rasmussen 

Observations obtained with a mobile pencil-beam Doppler radar revealed many previ- 
ously unresolved structures within tornadic storms and tornadoes and helped verify 
various aspects of conceptual models. Radar data from the parent circulations indicate 
the existence of spiral reflectivity bands, intense radial wind shear zones, and multiple 
larger-scale velocity maxima. Tornado structures observed include debris shields, clear 
axial (eye) regions, multiple reflectivity bands surrounding the center of the eye, and 
occasional reflectivity protrusions into the eye. Velocity and reflectivity data from tor- 
nado-scale circulations show evidence of axial downdrafts. 

A widel\l accepted conceptual model of the  
flax reglons 111 and around a tornado (Fig. 
1 )  has been developed over the  past two 
decades o n  the  basis of numerous theoleti- 
cal, numer~cal ,  and observational studies 
(1-6). T h e  vortex of the  tornado is ernbed- 
ded in a swirling, rising outer-flow region 
(region I ) ,  which usually is associated with 
the  parent thunderstorm mesocyclone o n  a 
larger scale (radius 5 to 10  km) and with the  
tornado c\lclone o n  a somewhat smaller 
scale (radius 1 to 3 km). T h e  flow approx- 
imatelv conserves annular momentum in  
this region. T h e  core Ggion of the tornado 
(region 11) is thought to be nearly axisym- 
metric and is characterized by flow that 
spirals radially inward and upward. This 
region extends out to about the  radius of 
the  maximum tangential winds. T h e  winds 
in this regime are approximately in cy- 
clostrophic balance (a  balance between the  
horizontal pressure gradient force and the 
centrifugal force), which helps suppress tur- 
bulence and radial flow. Cyclostrophic pres- 
sure deficits associated with stronger rota- 
tion in the  lower levels than in  the  uuuer 

L L 

levels can accelerate the  movement of air 
downward along. the  central axis. T h e  cor- 

u 

ner-flow region in  the  tornado (region 111) 
is characterized by intense, frictionally in- 
duced, radial inflow that must turn abruptly 
upward, owing to vertical pressure gradi- 
ents, before reaching the  axis. In  the  surface 
boundary layer region (region IV) ,  friction 
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produced by the  lower boundary ( the  
Earth's surface) retards the  rotating flow. 
This disrupts the  cyclostrophic wind bal- 
ance, and flow accelerates radially inward 
toward the  axis of rotation. F~nally,  the  
convective plume region (region V )  is 
where angular inolnentum concentrated in  
the  lower levels of the tornado circulation is 
transported outward by divergence or tur- 
bulence. U p  to this time, observations to 
verify this conceptual model of a tornado 
have been unavailable. 

I n  this report, we present close-range ( 2  
to  6 k m ) ,  fine-scale resolution volume (50 
to  130 m) ,  3-cm band radar reflectivity and 
pulsed Doppler weather radar observations 
of a violent tornado that were obtained as 
part of the  Verification of the Origins of 
Rotation in  Tornadoes Experiment (VOR- 
TEX) field program (7). Earlier p ~ ~ l s e d  
Doppler radar observations of tornadoes 
have been a t  more distant ranges (12 to  60 
km),  resulting in wider resolution volume 

Fig. 1. Conceptual model of the flow regimes 
associated with a tornado: region I ,  outer flow: 
region l l ,  core; region I l l ,  corner: region IV. surface 
boundarj layer: region V ,  convective plume (1-6). 
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widths (200 to 1000 m) that are too large to 
resolve detailed structures (8). Wide-beam, 
continuous-wave Doppler measurements of 
tornadoes have been made at ranges of 2 to 
5 km, but these have only provided infor- 
mation about velocity maxima and spectra 
(8, 9). The high-resolution radar reflectiv- 
ity and Doppler data presented herein pro- 
vide four-dimensional reflectivity and ve- 
locity information that are essential to eval- 
uate conceptual models of tornadic storms 
and tornadoes. 

We obtained data with a mobile pulsed 
Doppler weather radar, the Doppler on 
Wheels (DOW) (10, J J ) (Fig. 2). The radar 
was mounted on a small truck and radiated 
through a scanning 1.83-m parabolic dish, 
resulting in a 1.2' beam. The transmitter op- 
erated at 9.375 GHz (32 mm), sending 40-kW 
pulses with a duration of 450 ns every 500 ~ s .  
Meteorological signals as weak as -25 dB of 
equivalent radar reflectivity factor (dBZ) 
could be detected at ranges <3 km. The 
deployment time for the radar was 60 to 120 s. 

At about 00:58 UTC (universal time co- 
ordinated) on 3 June 1995, a violent tornado 
formed to the south of Dimmitt, Texas, and 
traveled toward the northeast and north at 
speeds of 5 to 15 m s-'. The tornado de- 
stroyed a home, lofted automobiles, and re- 
moved asphalt from a region of highway 10 m 
by 40 m and deposited it up to 200 m away. 
We used the mobile radar to observe the 
tornado in its intense mature stage from 5 min 
after formation until it dissipated 14 min later. 
The axis of the tornado approached within 3 
km of the radar and remained within 4 km for 
10 min. Data were collected in eight scans 
through the lower 1 to 2 km (depending on 
range) of the atmosphere with volume update 
intervals of 95 s (1 2). Oversampling of the 
data provided azimuthal samples. every 17 m 
at a range of 3 km. 

Numerous fine-scale tornado structures 
were revealed in the reflectivity and velocity 
fields. A prominent feature at 01 : 03 :45 UTC 
at 110 m above ground level (AGL) was a 
200-m-wide weak reflectivity region, referred 
to as the eye, in the center of the tomadic 
circulation (Fig. 3A). Surrounding the eye 
was a ring or band of large reflectivity 700 m 
in diameter and 200 to 300 m wide. The 
diameter of the reflectivity ring was consistent 
with the size of the debris shield produced by 
the tornado at this time, as estimated from 
photogrammetry and a damage survey. Small- 
scale structures 100 to 150 m in diameter in 
the reflectivity ring probably were irregulari- 
ties in the debris shield. 

About 3 to 4 min later, at 01:07:20 
UTC, other structures were observed in the 
tornado, including multiple, semiconcentric 
to concentric, rings or bands of reflectivity 
surrounding the center of the eye (Fig. 4) 
and occasional reflectivity protrusions in the 

eye. At 6" elevation, the inner reflectivity 
band was 400 m in diameter and the outer 
band was 1100 m in diameter. Both bands 
were complete and nearly circular at this 
elevation; the inner one surrounded the eye 
region. At 14" elevation, the inner band was 
not complete. However, a reflectivity protru- 
sion in the eye region was evident on the 
east-northeast side of the tornado in associ- 
ation with the inner reflectivity band. A 
tentative explanation for the multiple bands 
includes sorting of particles with various 
characteristic masses (for example, raindrops 
versus debris). It is likely, on the basis of 
photogrammetry, that the inner reflectivity 
band was associated with the visual tornado, 
at least at this time, whereas the outer band 

Fig. 2. DOW mobile radar with Dimrnitt, Texas, 
tornado in background. The range to the edge of 
the cone-shaped visible debris shield around the 
tornado is approximately 2.5 km. 

was associated with the lofting of large 
amounts of debris on only one side of the 
tornado or with inhomogeneous sources of 

Fig. 4. Radar reflectivity field of the tornado and 
near-tomado environment in Dimmitt, Texas, at 
01 :07:20 UTC on 3 June 1995 as measured by 
WW from a range of 3 krn (72). These data were 
taken with a scan at 6" elevation or about 330 rn AGL 
at the center of the tomado. Each displayed sample 
is approximate 64 rn by 17 m at the center of the 
tornado. Two 1 ncentric bands of enhanced radar 
reflectivity surround the axial region of the tornado. 

Fig. 8 Radar reflectivity and Doppler velocity fields of the tornado and near-tornado environment in Dirnmitt, 
Texas, at 01 : 03:45 UTC on 3 June 1995 as measured by DOW from a range of 3 km (12). These data were 
taken with a scan at 2' elevation or 110 m AGL at the center of the tomado. Each displayed sample is 
approximately 64 rn by 17 m at the center of the tornado. (A) Radar reflect'iity. A small eye, free of substantial 
amounts of debris and rain, is surrounded by a nearly circular wall of debris. (B) Doppler radial velocities 
(velocities along a radar beam): Cyclonic shear (anticlockwise) is indiated by adjacent velocities that are away 
(positive) and toward (negative) radar. A strong cyclonic shear region is present in the tornado. Maximum 
winds are estimated to be >70 rn s-l. 
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Fig. 5. Vertical structure of reflectivity and Doppler velocity fields of tomado 
and near-tornado environment at 01 : 03:26 to 01 : 05:Ol UTC on 3 June 1995 
as measured by DOW from a range of 3 km. These fields were reconstructed 
from 10 inclined slices (12) through the storm that were measured during a 
95-s period. (A) Radar reflectivity. A deep eye with weak reflectivity penetrated 

debris, or possibly with debris lofted by in- 
tense vertical motions in a suction vortex. 

D o ~ ~ l e r  radial velocities at - 110 m AGL . . 
(Fig. 3B) revealed a strong shear couplet as- 
sociated with the tornado (2. 13. 14). Maxi- . . 
mum velocities on the north ancl south sides 
of the tornado circulation were >70 m s-' 
(15, 16), resulting in a velocity difference of 
approximately 140 m s-' at a radius of 60 to 
100 m. The vertical component of shear vor- 
ticity in the tornado was 0.7 to 1.1 s-'. Un- 
expectedly, strong radial convergence into the 
tornado, suggested by conceptual models, was 
not indicated by the radar at the very lowest 
levels. However, photogrammetric analyses 
suggest that there was strong inflow in a layer 
10 to 20 m deep near the ground. Conver- 
gence and stronger winds were not observed 
by radar within 20 to 30 m of the ground 
because radar beams may have been too wide 
(60 m at a range of 3 km) or contaminated - 
with signals from ground clutter. 

To further examine structures in the tor- 
nado, we interpolated the reflectivity and ve- 
locity data onto a Cartesian grid (1 6, 17) and 
examined a vertical slice through the axis of 
the tornado perpendicular to the radar (Fig. 5, 
A and B). In the reflectivitv fields. the torna- 
do appeared as a truncated cone that in- 
creased in diameter with height. as confirmed 
by photogrammetry. A backwaid shift of the 
center of the tornado below 200 m was pos- 
sibly caused by surface drag or downdraft out- 
flow. Near the surface, the axis of the tornado 
was filled with debris, which produced large 
reflectivities. Above the surface, the eye re- 
gion widened from 200 m at 75 m AGL to 
400 m at 1000 m AGL. Owing to centrifugal 
effects, the debris lofted bv the tornado was 
displaced outward and produced a ring of de- 
bris and large reflectivities surrounding the 
eye. The outer edge of the large reflectivity 

through the depth of the cross section and was surrounded by a debris shield 
that extended from the surface to above 800 m AGL. (B) Doppler radial 
velocity. Strong tangential flow near the tornado core peaked at >70 m s-' at 
100 m AGL. The relatively broad region of 6 to 9 m s - I  toward the radar in the 
eye above 500 m AGL provides evidence of downward motion. 

values produced by the debris was approxi- 
mately coincident with the region where 
winds were near 30 m s-'. The largest reflec- - 
tivity maxima associated with the shield were 
noticeable to heights of over 800 m AGL. - 

The strongest tangential winds in the tor- 
nado ranged from >70 m s-' below 200 m 
AGL to 50 to 70 m s-' above 600 m AGL 
(Fig. 5B). These winds were found on the 
inside perimeter of the debris shield at a radius 
of about 60 to 100 m in the lower levels of the 
tornado and 200 to 300 m in the upper levels. 
Measurements of weak winds near the ground 
(<50 m AGL) are probably erroneous, as 
discussed above. These observations support 
theories (1-6) that the height of the maxi- 
mum tangential winds in a tornado should 
occur within 100 to 200 m AGL, below the 
top of the tornado's boundary layer. Maxi- 
mum wind speeds are believed to exceed those 
predicted by pure cyclostrophic balance be- 
cause air parcels in the boundary layer ap- 
proach closer to the axis than those above and 
in doing so acquire higher tangential veloci- 
ties despite some angular momentum loss. 
Many theoretical and laboratory estimates 
also have indicated that tangential speeds V 
outside the maximum speed region should 
decrease linearly with the inverse of radius (V 
a r-'1 from the center of the rotation (1-6). . , 

We tested this relation out to a distance cor- 
responding to about the edge of the debris 
cloud. Starting at two or more radar reso- 
lution volumes from the velocity maxima, 
the correlation for this relation was >0.85 
in the lower levels of the tornado, and 
>0.95 in the higher levels. The. poorer 
correlation fit in the lower levels may have 
been related to the Dresence of unresolved 
subvortex scale structures in the data. 

The radar reflectivity and velocity fields 
show that there may have been a downdraft in 

the axial region of the vortex. Whether down- 
drafts occur in tornadoes has been controver- 
sial (1-6). The weak reflectivity region in the 
eye, which appeared abruptly above the sur- 
face. could be ex~lained bv axial downdrafts 
in the core, which would have prevented 
debris from rising in the core of the tornado. 
A weak reflectivity eye might also form as a 
result of centrifuging effects arising from 
strong tangential flow. However, the presence 
of a downdraft of >25 m s-' in the eye region 
was indicated by persistent radial flow of 6 to 
9 m s-' toward the radar between 400 to 
1000 m AGL along the tornado axis (Fig. 5B). 
This estimate of downward motion was in- 
ferred from the relation W = V,/sin @, where 
W is the vertical motion, V, is the measured 
radial velocity, and O is the elevation angle of 
the radar. In this calculation. it was assumed 
that the scattering phenomenon, either Bragg 
scattering (14) or scattering by uncentrifuged 
particles, was moving at the wind velocity. 
During much of the observation period, the 
tornado moved along a path tangent to the 
radar beams; thus, velocity data did not in- 
clude any significant component of the tor- 
nado translation. 

REFERENCES AND NOTES 

1. W. S. Lewellen, in Proceedings, Symposium on Tor- 
nadoes: Assessment of Knowledge and lrnplications 
for Man (Texas Tech University, Lubbock, 1976), pp. 
107-1 43. 

2. C. D. Church, J. T. Snow, E. M. Agee. Bull. Am. 
Meteorol. SOC. 58, 900 (1 977). 

3. R. P. Davies-Jones, in Thunderstorm Morphology 
and Dynamics, E. Kessler, Ed. (Univ. of Oklahoma 
Press, Norman, OK, ed. 2, 1986), pp. 197-236. 

4. R. Rotunno, in Mesoscale Meteorology and Fore- 
casting, P. S. Ray. Ed. (American Meteorological So- 
ciety, Boston, MA, 1986), pp. 414-436. 

5. W. S. Lewellen, in The Tomado: Its Structure, Dy- 
namics, Prediction, and Hazards (Geophys. Monogr. 
Am. Geophys. Union 79, American Geophysical 
Union, Washington, DC, 1993), pp. 19-39. 

SCIENCE VOL. 272 21 JUNE 1996 



5. J. T. Snow, Re8/ Geoobl/s Soace Pt7ys. 20, 95". produce tne \!eocty f e d s  s n o w  in the figures. 
(1 982:. 14. P. J. Do\!ak and D. S. Zrnc' .  Dounlc,, ;iaokl aria 

7. E. A. Pasmussen e i  ai., BL,~!. Am. E~!eteo,ro;. Soc 75 
995 ( I  09L). 

8 H. B. Buesten and J. H. Golden in TIE Tornaoo:!is 
Si,ru8ctu,re, Dj/,wrnics ?,redrc?,on ano Hzat,os iGeo- 
ghys. E~!oriog,r A/,?. Geoo'i;,~. b'riion 79 A,iielican 
Geopihys~ca Union, \i:!asn~ngton, D C  l093;, pc. 
31 9-552, 

9. H. B. Bl~lestein, J. G. LaD~le. H. Stein, D. Speedei- 
'N. P. Unruli. !/on !'deai,4cr,Qev. 121, 2299 i l993) 

10. J. 'Nurman. J, bl. Straka, E. N. Pasmussen. Ish. Pan- 
d a  A. Zai-ra creprint 27ti- Amercan I~heteorlogca 
Soc~ety lnternat~onal Conference on Rzdar bleteo- 
roogy, Aspen. CO, 1905. 

11. , In precaraton. 
12, i"$e ~nade  scans at elevation angles of 3: I ', 2 V 0 ,  

6" 8: I Go 12" A" and 18' ele\!ation e\!er: 05 s, 
w~ti- a scan :;te of 10' s - - ,  usng 5 i  pulses per 
lbea,ii and a Nyquist n t e ~ j a l  of 32 In s- ' .  Plotted 
radar tiines were 2 I nn  ahead of UTC. 

13. Tiie Dopcer veocty data contained folds at = I 6  
and i i a  In s- I ,  v!hch were manaaly unfolded to 

l?/ea?i.er Obsen,a?;ons iAcademc press, Ne?.! York, 
1 R9q1 ..- 

15. Small-scale suzton lvonces 19 to 33 In In damete; 
were not ~~nambiguously revealed In either the 3 0  to 
73-m radar resout~on volu~nes of ref ectivlty oi In 
veocty data retr~e\!ed at Dimmitt, 2, It is cossibe 
tihat h~gher~!eloc~t~es exist n ti-ese features, although 
ths  &,as not ndcated by the da~nage sL1rde~. Verj  
fe?c structures &,ere struck and therefore darraged 
lby t hs  tornado. 

15 \We used ti-e foov!ing soft,,b!are packages to ana yze 
ti-e data and produce the f~gures: Solo (to dsl:Iay 
and unfo d rai.,! data); Reorder (to intercozte to Car- 
tesan gr~ds) and Zetra (to clspay gridded data: 
de\!eloped by the Researci- Data Program of the 
At~nosci-er~c Technology D~\!~son st tne Nat~onal 
Center for Atmospihe:~c Resea.cn iNCARi. 

17. An advective correcton of 6.2 In s frorr 185- i f r o~ r  
just of souti-]  as a p c e d  to co~rect fo; the t me 
skew! bei;b,een o w  anc: i-igh-alt~tude obser?atons. 
Tne grid spacing was 53 In. Tne nearest-negnto; 

ion-Induced Morphological Changes in 
"Crew-Cut" Aggregates of Amphiphilic Block 

Copolymers 
Lifeng Zhang, Kui Yu, Adi Eisenberg* 

The addition of ions in micromolar (CaCI, or HCI) or millimolar (NaCI) concentrations can 
change the morphology of "crew-cut" aggregates of amphiphilic block copolymers in 
dilute solutions. In addition to spherical, rodlike, and univesicular or lamellar aggregates, 
an unusual large compound vesicle morphology can be obtained from a single block 
copolymer. Some features of the spontaneously formed large compound vesicles may 
make them especially useful as vehicles for delivering drugs and as models of biological 
cells. Gelation of a dilute spherical micelle solution can also be induced by ions as the 
result of the formation of a cross-linked "pearl necklace" morphology. 

M o s t  aggregates tor~lied b ~ -  the self-assemhly 
of amphipliilic hlock copolymers in selective 
solvents are spherical ancl consist of a core and 
a coro~ial shell. Tlie core is composed of tlic 
insoluble blocks, wliereas the corona cont,~ins 
the solul~le blocks, nliich are highly slvollen 
l ~ y  tlie solvent. Such structures liave been 
esploreil in Lletail ( 1  ). W e  liave clescrilie~l tlie 
formatio~i of agregates of rnilltiple morpliol- 
ales of one family of highly asymmetric poly- 
styrene-b-poly(aq-lic acid) (PS-b-PAX) in 
clili~te solution (2)  in whicli the length of tlie 
i~isoli~ble PS blocks \vas much longer t l ia~i  
that of the solul-le PAX hlocks. They ifrere 
tlierefore described as "crelv-cut" aggregates. 
As tlie length of the PXA l~lock decreased. 
the morphology of the aggregate clla~ige~i 
from spherical to rocll~ke. to lamellar or vesic- 
ular, and filially t~o large compountl ~liicelles 
(LChls) co~isisti~i,q of an assellibly of inverteel 
spherical micelles surro~~nded 1.7. a hyilrophilic 
sucf,lce. A Inore detaileLl description of tlie 
~ ~ i u l t i p l e  morphologies anL{ the  characteris- 

3epartlnent of Cnemstrf, b1cS1 Unversty, 891 Sherlbi3oke 
Street 'ti!'est. Vlcntreal, Quelbec, Cznada HW-2K6. 

'To wno,ii zorrescondence si-cud lbe addressed 

tics of tlie cren7-cut micellelike aggrqates is 
a~railahlc (3). h4ore recently. it \\,as shon-11 
tliat PS-h-poly(eth1-lene oxide) (PS-I?- 
PEO) diblocks in Ji lute solution can also 
form aggrqates \vith various ~norpliologies 
fro111 hlock copoly~liers of differelit compo- 
s~ t ions  14). 

\ ,  

h~lorpliolugical changes can also be in- 
ducecl in an  identical hlock copolymer liy 
tlie aiicdition of ions in lliicro~liolar (CaCl,  
or HCI) or ~li i l l i~liolar INaC1) concentra- 
tions. T h e  morpliolog~es are the sanie as 
those procli~ced by changes in tile copoly- 
nier con ipos~ t io~ i  in tlie ahse~ice of aclded 
ions, arliicli suggests tliat the morphological 
changes are prol-ahly i n d ~ ~ c e d  13)- decreased 
repillsion (botli sterlc and electrostatic) 
amoli,q tlie liyclropliilic se,qments as a result 
of protonation of PA.% ( b y  HCI) or of ion 
bincling or bricl,qi~ig (by C a ' ) .  In  ,icldition, 
aggre,qates of a lie\\, mi)rpholoyy, consisting 
of lar,qe coml?o~~ncl vesicles (LC\!s), \\ere 
prepareel and are Llescribecl. T h e  LCVs riiay 
he ilseful as drug-delivering velii- 
cles and as moclels of stable rnlcrostr~~ctureii~re~i 
hiom,iterials. Finall\-, i o n - i ~ i ~ l ~ ~ c e i l  gelatic>n 
can occur in ~vliich splierical nl~celles in 

method &,as used to ntercolate to tne Czrtes~ati 
grid. 
Supcorted lby tihe Unversty of Okano~na (J.1A.S. 
and J.i'~$.]; ti-e Nat ona Oceanc and Atmosphelic 
Ad~nnst ra ton.  Natona Severe S to r~ rs  Laboratov; 
(NSSL; 15 N P., J.M.S., ancl J.i":.), NCAP, Attno- 
schelic Tecnnoloc~y Dv~son ,  Perrote Sensng Faci- 
ty (J.\i:!.:; and tihe Centel- for tne Analyss and Pre- 
dction of Storms through NSF Grant ATFA-01 2 0030 
:J.FA.S, and J \o,J.). The Cooperative Institute for Ishe- 
soscae i;ileteorological S t~~c les  a: the Univers1:y of 
Okaho,iia, also c ayecl an mpoitant role. Ti-e truck 
for ti-e m o b e  radar ,,.!as p;ov ded t y  NSSL iP. Ishad- 
dox and D. Fors::he) and the rzdar transnitter v!as 
cro\!ded lby NCAP iD. Carlson and P. Hdebrandi. 
M. Panda and E. L o e  cro\!deci the sot.?~!are and 
nardware for the PC titegrateri Radar A c ~ u s t o n  
data acqustion system. A. Zaiiar desgned tne an- 
tenna co~ i t roer .  D. Nea1so.i and P. Gr~f tn  pro\!~ded 
assstance in Ibaid ng ancl mantanng the radar L. 
Chan crepared this r-ianuscipt. 
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aqi~eoils s o l ~ ~ t i o n  form a cross-linked "pearl 
necklace" structure in tlie presence of 12 
mh'l HCI. Tliese reqillts suggest that the 
versatility of the crerv-cut aggregates 1.: 

much greater than or~ginally si~specteii. 
Tlie PS-b-PA.% or PS-b-PEO dihloclzs 

\\-ere d i s~o lvc~ l  ill X,N-Lli~~ietliylfor~lla~liide 
(Dh'lF) to yi1.e a stock soli~tioli ot 1 \veiglit 
(7). Deionized water n.as then added to the 
copolymer soli~tions \\-it11 stirring; micellira- 
tion took place hetv\.een aboilt 4 anLl 6 
\ v e ~ ~ l i t  ".i, of water. Honever,  the acidition of 
Tvater n.as continued il~it i l  the sc)lution \\.as 
25 ~veiglit "h of lvater to ensure that the 
structure of the formecl ayeregates n.ab k ~ n e t -  
 call^ tl.o:en. X'e isolateel tlie agqregates ~ n t o  
Ivater hy ilia1;-zing tlie resillti~ig solutions 
against Jistillecl [vater to reiilove the DMF. 
A ciynam~c eili~illhrii~~ll l~e t \vee~ i  aggregates 
a n ~ l  ~ ~ n i m e r s  i ~ n ~ l o ~ ~ h t e d l \ -  csists 111 [lie early 
stases of water addition dnring micel1i:ation. 
.\t sollie point. liowe\.er, as tlie DLIF is 
forced out of tlie core, tlie equilibrium is 
frozen hecause of tlie glass>- nature of the PS 
chains. 

Table 1. Summa?: of the effect of added acid or 
salt concentration (wth R gven it1 parentheses) on 
tile aggregate ~norpho!ogy of a P S ( 4 1 0 W -  
P M ( 2 5 )  dbock  copolymer. 

Hcd or sa t  Domitiant 
concentration (M) and R morphology 

HCI 
1 . 9  X lo- '  (0.035) 
2 .1  x l o - -  (0.040) 
2 . 4  'x 1 OC1 (0.045) 
2 . 7  x 1 0 -  (0.050) 

NaCI 
2 .1  x 1 0  ~ " 0 . 4 0 )  
3 . 2  x 10-"0.60) 
1 . I  x lo - '  (2 .0)  
2 .1  x (4.0) 

CaCl, 
1 . 2  x 1 O - J  (0.023) 
1 . 4  x l o - $  (0.026) 
2 . 8  x lo - '  (0.053) 

Spheres 
Rods 
Ves~cles 
LCVs 

Splieres 
Rods 
Ves~cles 
LCVs 

Spheres 
Vesicles 
LCVs 




