
12- to 15—arc min regional best fit param
eters for this component. We derive a total 
mass of 8.35 X 1012 M 0 (M 0 = solar mass) 
and a cooling time of 1.27 X 109 years (the 
Hubble constant H0 = 50 km s_ 1 Mpc - 1 ) . 
The mass condensation rate to form cold 
matter, a quantity that does not depend on 
gas dumpiness, is then —6.6 X 103 M 0 per 
year, or ~10 1 4 M 0 over the age of Coma, 
which is phenomenal for a cluster with no 
signature of cooling flow. The above num
bers are conservative estimates, because 
most of the gas is inside the annulus of 12 to 
15 arc min and cools faster by virtue of its 
higher density. Apart from the question of 
the origin and destiny of the submegakelvin 
gas, the numbers obtained indicate that the 
gas may have important implications for the 
mass determinations in clusters. The param
eters in Table 3 indicate that the two ratios 
of soft to hard emission measures do not 
scale with radial distance, which suggests 
the presence of cooler gases in the entire 
ICM of Coma. If true, the total mass budget 
would be significant. 
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fit the EUVE and ROSAT data from the 
ICM with a two-component gas, one com
ponent being the 20 million K x-ray-emit
ting gas and the other a warm component at 
500,000 K. Although this interpretation fits 
the data, it is difficult to understand from a 
theoretical viewpoint because gas at 500,000 
K is near the peak of the radiative cooling 
curve and will rapidly evolve to lower tem
peratures. This gas cannot be maintained by 
material cooling from the higher tempera
ture gas; the cooling mass falls short of the 
required amount by more than a factor of 30. 
Dixon et al. (5) obtained a lower limit of 
150,000 K for the temperature of this warm 
component from the nondetection from the 
Virgo cluster of emission from O VI (oxygen 
with five ionized electrons). At the higher 
temperature indicated by this observation, 
the cooling mass required is somewhat less 
but is still far greater than that which could 
be supplied by the x-ray gas. 

Fabian (6) has emphasized the crucial 
role of absorption by the interstellar medium 
(ISM) of our galaxy in this interpretation. If 
absorption is less than expected because of 
the particular ionization state of this materi
al, the EUV emission might simply be the 
low-energy tail of the well-established, high-
temperature, x-ray-emitting ICM. It is im
portant to establish whether the intense 

Extreme-Ultraviolet Flux from the Virgo Cluster: 
Further Evidence for a 500,000-Kelvin 

Component 
Stuart Bowyer,* Michael Lampton, Richard Lieu 

A surprising discovery in x-ray astronomy was that clusters of galaxies often contain vast 
quantities of hot (20 million kelvin) diffuse gas. Substantial diffuse extreme-ultraviolet 
(EUV) emission has recently been detected in the Virgo cluster of galaxies. Depending 
on the character of the interstellar medium in our galaxy, this emission could be either 
an aspect of the hot cluster gas or a previously undetected 500,000-kelvin component. 
Analysis of the observational data in combination with our current knowledge of the 
interstellar medium revealed that the EUV flux cannot be an effect of the interstellar 
medium. Hence, a warm cluster component appears likely. 
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char,icter c l t  the ti,ilactic 15x1. 
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i1ie~1 ail 111-tl1~11t c ~ ~ l i l ~ r ~ i t e ~ l  schy.o~~\e 
c i~r \ -c  (9 ) .  n~11icl-i 11,ri ,111 im~~i-c-r\cil qhoi-t- 
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N, ,, n-as o l ~ t ~ i n e d  ti-om l~~i:l i-ai~gnlii i--i-c.~ol~~- 
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c l ~ e c k ~ ~ l  our rcsillts ~ v ~ t h  tlils ino~lel .  T h e  
results ohtaunril \\,ere s~mll,ir, ivc)~~lJ I3e 
espectccl ,it tliese n.avclcnqth~. 

W e  consiilercil :I ~- ; l l~gc c i f  i<)liiz>itlon 
cc)lliIltic~llr tor tlie galact~c  ISM. Hy~lrogen 
cc)ill~l I>e pvzsent a\ e~ t l l z r  H I 01 H 11. 
.Altllo~igh El I1 iloc\ not  coiltrrl>utc to the 
EU\l s-r:il c i l~\oi -pt ic>~~,  a 1 , i r ~ t s  \ ~ I L I C  foi- 
the tot;il amt~1~1nt i)t 13 (El I + FI 11) n-111 
corresl~on~l1nq1y inci-caw the tot,il a m o i ~ n t  
of He,  which \rill incre,rsc the  tot,ll al>soryl- 
tion. Heliilnl nxr  :is~nmeLl ti) I Y  H e  I or He 
11. l?cyll~ilil\ ( 18) 11as ~110\ \~11  l-r~~l11 Ol~\el-v<l- 
tiiull\ ~ ) t  the  iolli:atir~i? st;rtc o t  Si ,111~1 5 that 
Hc  will 1iot I>e L~L)LII~I\-  ionlzetl in the 1Sh.l. 
Iieiles t.t (11. ( 19 )  ol~ta1neci ilpjier limit? to 
the H e  I 1  168 ,11111 169 a l~i-ies at  -- 1.4 GHz, 
\vl~lc]i rule o i ~ t  the ~c)rsil>llity thiit an\- .~g- 
i-iitic,lnt H e  111 15 l?resent 111 tihe t l i f t~~ ic  ISh,l. 
W e  t~ttccl a s ~ i - i ~ l c - t e ~ i ~ ~ ~ e r a t ~ ~ r e  -20 11-iill1on 
K pI,~rm;l moilzl ac a tn i~ct ion of FI - I i i ~ ~ l  H e  
~i~in~:a t io i~  t r ,~ct~onq,  h t l i l i i~q the H flxecl at  
1 .S X 10'" ~ 1 1 1 ~ ' .  Clur 1-e\nlts are s11on.n 111 

Fig. 1. T h e  s ~ n g l e - t c m ~ ~ c i - ~ + t ~ ~ ~ - i '  tit rs unac- 
ce l~ ta l~ le  ui-iles. H e  1s h~glily ionlzcil anrl t-I 
I \  ileal-I\- ,111 nei~tral .  

%'hat 1s the ionl:at1011 s t ~ t c  fi~1- the  2;'- 
lactic ISM? \lrl~i-icr el r t l .  (20)  li,l\~e i ~ \ e ~ l  
EL'VE ~pcctroscop\ in t l ~ c  iiearhy ISM to 
shc~w that He is singly ionized at  2 5 %  an11 El 
I1 i <27'!0 in the directicu~~ ot t l ic  hot  a r h ~ t e  
tln>,lri- Cil1146 at  ~l tllkt;ii-ice of 65 ye. Dnpuis 
t.1 'tl. (21)  found H I <5GiX7 iionizc~l in the 
Jircctioii ot tn.o I i ~ t  ~vlli te il\vai-ts ; ~ t  ,i iiis- 
t,il?ie of -7Q PC, .115r u,srng EUVE pcctri)s-  
cop\-. 011 a c!ol~,il galactic scdlt, Rcy~-ioliii 
anrl Tuftc (22)  ~ O L I I I L ~  that  for 1-ey101ni wit11 
Ei I 1  > 9.7 ,  x ,-,, /x1,  2 P.17 trom the  rlrtlo ~t 
t l ~ e  intensities of the i l lff~~se optlc;ll H e  I 
5876 anil FIE lines, an(\  Heilcs et '11. (19) 
h ~ u l ~ c i  >trlngel?t ~ ~ p p e r  111111t. on the H ,inil 
H e  iol-il:,~tlon from a c ~ ~ ~ ; ~ ~ I ~ o I I  of the 
ra i11~ reco~llh111~+t~r1li lll-ier of H aliJ EIe at  
-1.4 GFI:. T h e  lol1lzatlon ii-act1i)ns ~l.-eil 'oj- 

tllese groups are JetlneLl Ll~ffi-rent1)-; xvhere 
neceawry, we ha\-e con\-ertcil lonizatioi? 
tr~ict1om to t112 single c ie i -~~?~t~oln:  i on .  per 
total. Tlhese limits ,art \l?own 111 Fig. 1 .  

T h e  ELV c s c e s  from the 1lir.o l C h l  
C O L I ~ ~  I:e explarneJ 13y cmi.;ii>n fi-om the 
hot  s-r>r>--e~nittlnq IChl  In com1~n:ltion 
\vlth specific v,ilues for thc  ~oni:; i t~on state 
c ~ f  t I  a n ~ l  H e  in the  ISX4 of our gal;is\-. 
However, the  ioni:ation rcquircci IS g1-oslv 
at  variance tvith a varlet\. of data o n  tllc 
actcia1 v a l ~ ~ c s  for tll15 ion~zation liocally ;1ni1 
glol?all\.. A \\;arm cluster c o n ~ p o n ~ n t  of the  
ICM 111 the  V ~ r g o  cluster iif aplpears 
tci I?? inLiicate~l. 
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Stratospheric Mean Ages and Transport Rates 
from Observations of Carbon Dioxide 

and Nitrous Oxide 
K. A. Boering, S. C. Wofsy,* B. C. Daube, H. R. Schneider, 

M. Loewenstein, J. R. Podolske, T. J. Conway 

Measurements of stratospheric carbon dioxide (CO,) and nitrous oxide (N,O) concen- 
trat~ons were analyzed to investigate stratospheric transport rates. Temporal variations 
in tropospheric CO, were observed to propagate into the stratosphere, showing that 
tropospheric air enters the lower tropical stratosphere continuously, ascends, and is 
transported rapidly (in less than 1 month) to both hemispheres. The mean age A of 
stratospheric air determined from CO, data is approximately 5 years in the mid-strato- 
sphere. The mean age is mathematically equivalent to a conserved tracer analogous to 
exhaust from stratospheric aircraft. Comparison of values for A from models and ob- 
servations indicates that current model simulations likely underestimate pollutant con- 
centrations from proposed stratospheric aircraft by 25 to 100 percent. 

T h e  chemistry of the s t r ,~ tos~here  may be 
strongly perturheil by pollutants as a result 
of the long residence times (1-ld) for gases 
and aerc~sols 111 the stratosphere. Rates of 
transport of po l l~~ tan t s  illto, within, and out 
of the stratosphere are thus ilnportant pa- 
rameters that regulate .itratospheric coinyo- 
sition. T h e  basic character~stics o t  strato- 
spheric circulatloi-i are ltno\vn from ol~ser- 
vations of trace gases such as xvater vapor 
and oro11e ( 0 3 )  ( 1  ) and of particulates froln 
nuclear test, (12)  anti ~rolcanic erupticJns 
(1 1 ) .  Alr enters the stratosphere at the 
tropical tropopause, rises at tropical lati- 
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'To v~l-.oni corresuonde7ce slioud be add~essed. 

tuiles, and descends at middle anti high 
latitudes to return to the troposphere ( 1 ,  
12).  Honever,  the rates for tralnsport on 
global scales are poorly kno~vn ,  anil quanti- 
tative ~ntormation is critically needeii to 
predict the response of stratoipherlc 0; to 
clilnatic or chelnical change (1 3)  or to ex- 
haust deposited in the stratosphere I?y pro- 
p o m i  high-speed civil trailsports (HSCTs)  
(14).  

W e  present here 111 situ observations of 
stratospheric CO, and N I O  concentra- 
tions that elucidate key aspects of strato- 
spheric transport. Seasonal a i d  annual 
variations in tropospheric COI are shoxvn 
to propagate into the stratosphere where 
CO1 hehaves as a conserved tracer (15) ;  
N , O  is nearly invaridnt in the troposphere 
and is remo\~eii hy photolysis in the upper 
stratosphere. These tracers together pro- 
vide ail ideal probe of transport on  tillle 
scales of importance in the stratospheric 
clrc~~latic>in. 

Tropospheric C0: conceiltrations os- 
clllate seasonally, reflecting hc~nispheric 
c y c l e ~ o f  phi~tosynthesis a i d  resplratlon; 
~easona l  a m ~ l i t u d e s  near the  surface are 1 
part per ll~illloil (ppln) in the  ~ 0 ~ 1 t h  and 3 
to 15 pp1n ( i i ~ u e m n g  polewri l )  in the 
nor th ,  \vith the  two Ihelnlsphcres 6 months 
out of phase (16) .  In adciitlon, CO: in- 
creases annually on average by 1.4 ppm 
year - - I  ?,. , s a , ~ c s u l t  . - of fossil fuel combustion 
(17) .  T h e  5 years of near glol~al scale 
c>l?scrvations of CO, r c ~ ~ o r t c d  here re\-cal . L 

that air enters the stratosi_.hcrc in all sca- 
sons ailc1 that ieasonal cycles of CO1 in 
the  stratosnhere have icientical phase in 

ments establishes a lower limit iol- the  rate 
of quasi-11orl:ontal transport from the 
tropics to mlii-ldtitudes of both hemi- 
spheres and dcflncs mcdn upn,clliilg \-eloc- 
itics In the  t ro~xcs and the mean ape of 
stratospheric air in mid-latitude%. T h e  rc- 
s u l t  also provide critical diagllostics for 
nlodels of stratospheric transport. 

K'e ol?taineci s im~~ltaneous measure- 
mellts of CO,, N,O, and other species at 
altitucics between 9 and 21.5 km from No- 
vember 1992 t ~ )  February 1996, using 
NASA's ER-2 aircraft. The  lollpest interval 
hetween observations 'ivas 5 months, xvith 
near monthly time resolution b e t \ \ ~ e ~ - i  Feb- 
ruary alld November 1994. Sainplinq ill- 
cluded tropical, miclcile, and high latltuiies 
~SCILII 72"s to 61°N (18) .  

Seasonal and annual changes in tropo- 
spheric CO1 propagate across the tropical 
trop(IpaL1se aallil slo'ivly ascend, as sho\vn by 
vertlcal profiles of CO, in the tropics (Fig. 
1.4). Maxima in CO, were observed at a 
potential temperature 8 = 435 K [corre- 
sponding to a p ress~~re -a l t i t~~de  of 19 km 
(19)] in Octoher 1994 ailil in N o \ ~ m l ~ e r  
1995. .4 min i rn~~in  xvas observed at a siinilar 
altitude in Fehruary 1996. The  observed 
extrema represent the ailllual inaxlrna (or 
minimum) that entered the stratosphere 3 
to 4 months earlier at the tropical tropo- 
pause at 392 K (-16 km). T h e  2-ppm 
increase from Octolier 1994 to November 
1995 reflects the trelnd in tropospheric CO, 
01-er that tilne mter\~al.  T h e  amplltuile of 
the seasonal variation at 435 K is ahout 
SO% of the 1-ariation for air entering the 
stratosphere (see below), a notably small 
attenuation indicdting that vertical ativec- 
tioil dolnillates 130th vertical ciiffi~sioil and 
mixing of older air fro111 miii-latituiies into 
the tropics (22-22). 

Ohser\~ations of C 0 2  at northern and 
southern mid-latitudes show that seasonal 
1-ariations in CO, are tral~sported rapii1ly 
from the tropics polelvard. Hoxvever, the 
seasonality at mid-latitudes is not as nell  
preserved with respect to altitude (or 8 )  (for 

SCIENCE \ OL 274 7 2  KO\ EhfBER 1936 


