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independently, perhaps by providing sepa-
rate inputs to a common structure such as
the hippocampus? The fMRI method cannot
fully address this question. Lesion studies
are required to determine which of these re-
gions is actually necessary for new memo-
ries to be formed. And electrophysiological
studies, with electrical or magnetic mea-
sures, are needed to achieve the temporal
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resolution necessary to determine if these
regions are activated serially or concurrent-
ly. In short, the full benefits of functional
neuroimaging data are gained when these
are used to inspire and inform studies using
other methodologies.
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Just Add Water Vapor

David Rind

ing will not be an issue in the next cen-

tury, the behavior of water in the atmo-
sphere is crucial. Global climate models
show that increased warming will lead to
greater evaporation from the ocean; with
doubled carbon dioxide and more water va-
por (an excellent greenhouse gas), the
warming would be substantially more than
2°C. Add to this the expected retreat of sea
ice and snow cover, which allows more

For those who believe that global warm-

the theory also implies that colder climates
should be wetter at high altitudes; with
less evaporation and convection, where
would the moisture come from, and how
would it get up there? Such arguments
aside, it would nice to be able to test either
expectation or, perhaps more importantly,
to determine whether climate models pro-
duce the proper magnitude of the water va-
por feedback. Unfortunately, we do not

ent absolute water vapor values. Poorer in-
struments respond too slowly and overesti-
mate water vapor amounts at high levels. As
these deficiencies become known, and
countries (including the United States) shift
to better sensors, it may well appear that the
upper troposphere is drying simply because
of the better instrumentation (2).

Satellites, with global data collection,
ideally could provide an answer for the re-
cent past except that they have their own
problems. Downward-looking instruments
cannot see with good vertical resolution;
results are generated for 300-mbar-thick

layers (that is, layers defined on a

sunlight to be absorbed, and the warming o 5 I A T ‘ 120 pressure scale), which are too
reaches 3°C (more than half of the change =~ - ji“”‘“e 2k ‘em:" e coarse to properly calculate radia-
since the last ice age). Yes, clouds may act o, 5 o= "ot eeerion 00 tive forcing changes. Limb-scan-
to mitigate things, but they may also ampli- 4 __ ning instruments have large hori-
fy the warming, as is the case in many cli- E 4T T80 &  zontal footprints, which are tricky
mate models. Aerosols, such as sulfates re- = Business as usual ,‘14\1 O to interpret for a constituent so het-
leased during fossil fuel burning, may slow g 3 P A W 160 T erogeneous in space and time. Fur-
the warming by reflecting sunlight away & Vel ) £ thermore, they were designed for
from Earth, but because they are somewhat 52t riLe T 40 § stratospheric monitoring and tend to
easier to limit than CO,, we will probably p iy coe”rf]::g:og% ©  have large error bars for data collec-
clean up the air for health reasons and so 'é 14 % 120 £ tion in the upper troposphere.
exacerbate the warming. 8 Clouds also present problems, low-

As the lower tropospheric water vapor E 0 lo ering the accuracy even for mi-
concentration would likely increase along = crowave instruments. New sensors
with surface air temperatures, recent atten- -1 ; \ ; ; i 20 becoming available as part of
tion has focused on the upper troposphere, 2000 2020 2040 2060 2080 2100 NASA’s EOS research program, as
which is equally as important in terms of ra- Year well as for European and Japanese

diative transfer. Lindzen suggested that with
increased convection and more vertical mo-
tion in the tropics, there would be increased
subsidence bringing dry air down from high-
er levels and decreased moisture above about
6 km (7). Note how this deviates from model
predictions (see figure, where upper tropo-
spheric water vapor increases about 20% per
degree Celsius of surface warming).

I, as well as many others in this field,
believe that future reductions in high-alti-
tude moisture are very unlikely; they
would have to co-exist with low-altitude
increases in an atmosphere that has many
ways to mix moisture vertically. Further-
more, unless the current climate just hap-
pens to have the maximum moisture aloft,
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Wetter weather. Surface air temperature and percentage
change in specific humidity in the upper troposphere
(trop.) from the GISS model for two scenarios of trace gas
emissions: business as usual (solid lines) and the (climati-
cally ineffective) constant 1990 emissions (dashed lines).
No aerosol increases are used, and, given the relatively
high model sensitivity (1°C W-" m2), this represents al-
most a worst case scenario. For reduced warming, the
change in upper tropospheric humidity would be propor-
tionately less, and thus the accuracy needed to observe it

would need to be that much greater.

have the observations in place to be able to
do so, and it is not clear when we will.
Historically, water vapor values above
the surface have been measured by sensors
on radiosondes. As is well known, these
cannot be used to assess trends: They are
geographically restricted, being found most-
ly over land in the Northern Hemisphere,
and worse still, different sensors give differ-

missions (and ultimately to be used
on operational satellites), will have
better radiometers, but it is yet to be
proven that they can overcome these
difficulties. And, with cutbacks in
the EOS program by the U.S.
Congress and a certain disinterest
on NASA’s part in acting as a moni-
toring agency, current plans do not
envision most of them remaining
aloft long enough for trends to be
determined anyway.

Stratospheric water vapor increases
could also amplify the greenhouse effect
and, with less variability and cloud cover
interference, should be easier to measure
(doubled stratospheric water vapor pro-
vides radiative forcing of about 1/7 that of
doubled atmospheric CO,). There are indi-
cations that it might already be increasing
(3). Unfortunately, here too measurement
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problems exist: In situ sensors do not
agree, and satellite instruments lack suffi-
cient absolute agreement to provide con-
sistent trends (4). Even if stratospheric
trends are more determinable, it will not
necessarily imply anything about the upper
troposphere; if tropopause temperatures
increase, more water vapor could get into
the stratosphere without implying there is
more water vapor below.

So given these difficulties, researchers
are attacking pieces of the problem. Ef-
forts have been made to assess whether
vertically integrated water vapor changes
have been occurring; the general conclu-
sion is yes; but it is not unanimous (5). On
shorter time scales, drying does occur in
the upper troposphere immediately after
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convective events, but wetter conditions
soon follow, presumably as the associated
cloud cover dissipates (6). Considering an-
nual cycle variations, water vapor and the
global atmospheric greenhouse effect do
increase with surface temperature, espe-
cially in the tropics (7). Nevertheless, it is
still uncertain how such effects relate to
what happens as climate itself changes.
Where does this leave us with respect
to global climate change estimates? So far,
there has been no evidence to indicate that
a strong negative water vapor feedback in
the upper troposphere will in fact arise as
climate warms. However, without our be-
ing able to observe upper tropospheric and
stratospheric water vapor with sufficient
accuracy over a long enough time period

to see ongoing trends, some uncertainty
will remain in this most important of cli-
mate sensitivity feedbacks.
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Electroweak Reconciliation

Michael E. Peskin

igh energy physicists view them-
H selves as intrepid explorers, search-

ing for new concepts of space and
time. So it is sometimes difficult for them
to accept that the theories in their textbooks
actually work well. Over the past few
years, however, experiments have tested the
structure of the weak interaction—the ba-
sic force that gives rise to radioactive de-
cay—and, with remarkable precision, the
results have converged on the standard
textbook model. The experiments confirm
the elementary couplings of this interaction
to the basic constituents of matter, the lep-
tons (such as the electron) and the quarks
(from which the proton and other nuclear
particles are made). The observed large
mass of the heaviest quark, the top quark,
plays a key role in this reconciliation. The
results close a chapter in the history of par-
ticle physics and present some interesting
clues to the content of the next chapter.

The heavy particles #W* and Z° which
mediate the weak interactions, were dis-
covered in 1982 at CERN (/). The masses
of these particles are 80 and 91 GeV, re-
spectively (for comparison, the proton
mass is about 1 GeV). In 1989, the inaugu-
ration of two new machines, the Stanford
Linear Collider (SLC) and the Large Elec-
tron-Positron (LEP) collider at CERN, al-
lowed precision studies of the properties of
the Z°. An important property of the weak
interaction is that it violates parity (as re-
flected in the radioactive decay of nuclei,
which produces electrons and neutrinos
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with left-handed, as opposed to right-hand-
ed, spin). This spin asymmetry leads to
distinctive effects in Z° decays.

The coupling of the Z° to each species
of quark and lepton is predicted by the
weak-interaction theory of Glashow, Salam,
and Weinberg (/). This theory contains
four fundamental particles—two electri-
cally charged and two neutral—which are
responsible for the weak and the electro-
magnetic (collectively, “electroweak™) in-
teractions. At the basic, symmetrical level
of the theory, all four particles are mass-
less. To give mass to these particles, it is
necessary to assume an additional field,
existing throughout space. This is known
as the “Higgs boson field,” and it gives
mass to the weak-interaction bosons ac-
cording to a specific pattern. The charged
particles acquire mass and can be identi-
fied with the #*. The two neutral particles
mix with one another by a small amount,
and one of these particles remains mass-
less. This massless state is precisely the
photon. The remaining state is the Z°,
which obtains a mass slightly larger than
that of the #*. The mixing angle is a sin-
gle parameter that determines the coupling
strengths and spin asymmetries of all of
the individual quark and lepton species.

The predicted spin asymmetries differ -

greatly, from about 14% for the electron to
94% for the b or bottom quark. Through
systematic measurements, at LEP and
SLC, of the angular distributions and de-
cay patterns of particles produced from the
Z% (2) and through an experiment at SLC
that directly measures the rate of Z° pro-
duction separately from left- and right-
handed electrons (3), these various values
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for the spin asymmetries are confirmed
experimentally.

The most accurate way to determine the
mixing parameter is to combine a precise
absolute measurement of the Z° mass with
two quantities that are already known to
part-per-million accuracy, the rate of muon
beta decay and the electromagnetic fine-
structure constant. In the past 2 years, the
LEP collider at CERN has been calibrated
to five-decimal-place accuracy (a level at
which influences of the tides, the water lev-
el in Lake Geneva, and local railroad oper-
ation must be identified and subtracted) to
give a very precise determination of the Z°
resonance position (4). The decay rate and
spin asymmetry measurements for the vari-
ous species give additional measurements
of the mixing to four decimal places, which
provide detailed tests of the model.

The accuracy of these experiments is
such that they cannot be compared without
taking into account the higher order quan-
tum mechanical corrections. Exotic quan-
tum processes involving the weak interac-
tions play an equal role with high-order
quantum electrodynamics processes in the
computation of these corrections. Both
types of effects influence the predictions for
weak-interaction rates and asymmetries at
the 1% level of accuracy. Thus, the detailed
comparison of different experiments that
measure the mixing parameter can deter-
mine whether these quantum processes are
actually present to the extent predicted by
the theory. Although the full structure of the
corrections is rather complicated, the most
important effects come from the “vacuum
polarization” process, in which a Z° con-
verts for a short time, by a quantum fluctua-
tion, into a pair of electrons, quarks, or W
bosons. In principle, the Z% could also fluc-
tuate to a pair of heavier particles, indeed,
to any particle that couples to the weak in-
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