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the propagation and evolution of discrete chorus
elements from their source region outside the
plasmasphere into the incoherent noise band that

characterizes plasmaspheric hiss, inside the plasma-
sphere.Understanding the origin of hisswill enable
space physicists to calculate spatial maps of hiss

characteristics and in turn predict the effect of hiss
on the radiation belt electrons that are a known
hazard to astronauts and to a variety of techno-
logical systems in space (18).
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The Role of Aerosols in the
Evolution of Tropical North Atlantic
Ocean Temperature Anomalies
Amato T. Evan,1,2* Daniel J. Vimont,2 Andrew K. Heidinger,3 James P. Kossin,4 Ralf Bennartz2

Observations and models show that northern tropical Atlantic surface temperatures are sensitive
to regional changes in stratospheric volcanic and tropospheric mineral aerosols. However, it is
unknown whether the temporal variability of these aerosols is a key factor in the evolution of
ocean temperature anomalies. We used a simple physical model, incorporating 26 years of satellite
data, to estimate the temperature response of the ocean mixed layer to changes in aerosol
loadings. Our results suggest that the mixed layer’s response to regional variability in aerosols
accounts for 69% of the recent upward trend, and 67% of the detrended and 5-year low
pass–filtered variance, in northern tropical Atlantic Ocean temperatures.

Since 1980, tropical North Atlantic Ocean
temperatures have been rising at a rate
of nearly 0.25°C per decade (1). Studies

have attributed this increase, explicitly and im-
plicitly, to global warming (2, 3), mean Northern
Hemisphere temperature variations (4), changes
in the thermohaline circulation (5, 6), or some
combination of these factors (7). However, many

of these studies fail to provide either a mechanism
for or direct evidence of how these variables con-
trol tropical North Atlantic Ocean temperatures.
At the same time, models (8) and observations
(1, 9) demonstrate that local changes in aerosol
cover should have a non-negligible impact on
Atlantic Ocean temperature via the scattering of
sunlight and reduction in surface solar insolation.

The tropical North Atlantic is unique among
tropical ocean basins because of its oftentimes ex-
tensive and heavy aerosol cover (10), a consequence
of being downwind of West Africa, the world’s
largest dust source (11). Annual North African dust
emission and deposition to the North Atlantic have
been estimated to be 240 to 1600 Tg and 140 to
259 Tg, respectively (12), with the peak in West
African dust production occurring during the boreal
summer months (13). A smoothed time series of
northern tropical Atlantic dust cover (Fig. 1) shows
a maximum and minimum in dust activity that oc-
curred in 1985 and 2005, respectively, and a down-
ward trend in dust optical depth over the record. It
has been shown that during both the summer (14)
and winter seasons (15) these year-to-year changes

Fig. 4. Ray-tracing model of chorus and hiss. (A)
Ray paths representing chorus are initiated at the
equator, at L = 6, f = 0.21 fce (~855 Hz), in the
range y0 = –50° to 0° (gray ray paths), plotted at
every 0.1°, with the key wave normal range y0 =
–50° to –45° that enters the plasmasphere shown in
color. The corresponding color scale indicates the
initial wave normal angle of each ray in degrees. (B)
A single ray from the group shown in (A) is dis-
played, with y0 = –48°. The red circles indicate
group time in seconds, from the time of ray initiation
t = 0 s. The day-side cold plasma density is modeled
according to (20), with the plasmapause located at
L = 4.5, for consistency with the THEMIS observa-
tions; and the L-dependent suprathermal fluxmodel
was used as in (7, 21) for active conditions. Each ray
in (A) and (B) is plotted only while its power is above
1% of its initial value, so that in the case of (B), the
ray duration is ~20 s.
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in dust cover are related to variations in previous-
year Sahelian precipitation. Additionally, winter-
time dust production is strongly related to the
strength of the North Atlantic Oscillation (16)
and, to a lesser extent, the El Niño–Southern
Oscillation (15).

Evan et al. (9) used satellite retrievals of aero-
sol optical thickness (AOT) from the Advanced

Very High Resolution Radiometer (17) as the
input to a shortwave radiative transfer model
that estimated the change in surface solar ra-
diation and the associated instantaneous cool-
ing of sea surface temperatures (SSTs) by dust.
Here, we update those methods by also esti-
mating the longwave surface forcing by dust,
including the radiative impact of stratospheric

aerosols in our analysis (18), and using a sto-
chastic ocean temperature model with a variable
mixed layer depth (19), to calculate the response
of local SSTs to radiative forcing by dust and
volcanic aerosols (20). We force our model with
satellite observations of aerosols over the 1982–
2007 period to estimate how the temperature of
the ocean mixed layer responds to month-to-
month changes in tropospheric mineral dust and
stratospheric volcanic aerosols (21).

From themodel output, the spatial pattern of the
mixed layer response to aerosol surface forcing
(Fig. 1) is strongly indicative of the distribution of
dust (fig. S1) and cloud cover (fig. S5), and of
ocean mixed layer depth (fig. S6) (20). Aerosols
exert their strongest influence on ocean temper-
atures along the coast ofWest Africa and extending
westward between roughly 10° and 20°N; across
the tropical North Atlantic, climatological cooling
of the ocean mixed layer by aerosols ranges from
–0.1° to –2.0°C (Fig. 1).

An annual time series of the mixed layer tem-
perature response to local changes in dust and
stratospheric aerosols, averaged over the tropical
North Atlantic (0° to 30°N and 15° to 65°W),
shows that mean cooling can range from –1.1°
to –0.4°C, with the maximum and minimum in
the magnitude of cooling occurring in 1983 and

Fig. 1. Map of the mixed layer re-
sponse to the presence of dust and vol-
canic aerosols and time series of aerosol
optical depth. Estimations of mixed layer
temperature response to surface radia-
tive forcing by mineral dust and strato-
spheric volcanic aerosols are averaged
over the 1982–2007 period and have a
spatial resolution of 0.5°. The inset plot
is a time series of annual mean monthly
dust optical depth (thin black line) and
stratospheric aerosol optical depth (thick
black line), both averaged over the
northern tropical Atlantic (0° to 30°N,
15° to 65°W).
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Fig. 2. Time series of mixed layer response to dust and stratospheric aerosol forcing (A) and
observed SST anomalies (B). Data for both are averaged over the tropical North Atlantic (0° to 30°N,
15° to 65°W). In each panel the dashed line represents the annual mean values, the thin solid line is
the climatological mean, the dotted line is the linear least-squares trend, and the thick black line is the
annual mean time series processed with a 1-4-6-4-1 filter. The red and blue regions correspond to
periods that are above and below the climatological mean, respectively.
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Fig. 3. Anomaly time series of observed SST (Fig.
2B) minus the aerosol forced component (Fig. 2A).
Description is otherwise the same as for Fig. 2.

Table 1. Sensitivities in estimating aerosol forcing of tropical North
Atlantic Ocean temperatures. The first row gives the mean SST forcing by
dust and stratospheric aerosols estimated by (from left to right) the
standard model without any modifications, increasing and decreasing
cloud cover by 5%, decreasing and increasing AOT by 0.1, deepening and
shoaling the mixed layer depth (MLD) by 5 m, and using an upper and
lower limit on the so-called feedback parameter (l) in the stochastic
temperature model (20). The remaining rows report the percent of the

variance in the detrended and smoothed SST time series that is due to
stratospheric aerosols, the percent reduction in the SST trend when effects
from stratospheric aerosols are removed, and the SST trend when effects
from stratospheric aerosols are removed (the residual SST); the values in
parentheses take into account both dust and stratospheric aerosols. All
values are from time series averaged over the northern tropical Atlantic
(0° to 30°N and 15° to 65°W). Note that the trend in observed SST over
this region is 0.25°C per decade (Fig. 2B).

Standard
case

Clouds
(+5%)

Clouds
(–5%)

AOT
(–0.1)

AOT
(+0.1)

MLD
(+5 m)

MLD
(–5 m)

l
(upper)

l
(lower)

Mean forcing (°C) –0.70 –0.62 –0.78 –0.31 –1.31 –0.56 –0.95 –0.62 –0.79
Reduction in variance (%) 55 (67) 56 (66) 52 (66) 54 (64) 56 (68) 56 (65) 43 (60) 56 (66) 52 (67)
Reduction in SST trend (%) 46 (69) 41 (61) 52 (77) 48 (69) 44 (64) 37 (56) 61 (93) 42 (63) 52 (77)
Residual SST trend

(°C/decade)
0.14* (0.08) 0.15* (0.10) 0.12* (0.06) 0.13* (0.08) 0.14* (0.09) 0.16* (0.11*) 0.10 (0.02) 0.14* (0.09) 0.12* (0.06)

*Trends statistically significant at the 95% level (23).
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2005, respectively (Fig. 2A). Cooling in 1992
was slightly less than that in 1983, both reflect-
ing increases in stratospheric aerosols after
volcanic eruptions of El Chichón and Mount
Pinatubo, respectively (Fig. 1). The anomalous-
ly weak cooling of 2005 is caused by the mini-
mum in dust cover observed for that year
(Fig. 1). A 5-year smoothed (using a 1-4-6-
4-1 filter) version of the annual mean time series
highlights the two similar periods of anomalous
cooling and the anomalous warming at the end
of the record (Fig. 2A). A trend based on the
linear least-squares fit of the annual time series
gives a weakening in the magnitude of aerosol
cooling of 0.18°C per decade (Fig. 2A).

To contrast our estimation of the ocean mixed
layer response to changes in aerosol loadings
with observed SSTs, we plotted the time series of
the northern tropical Atlantic SSTanomaly using
the Hadley Centre HadSST data set (22) (Fig.
2B). Over the past 26 years, the range of SST
anomalies is 1.0°C, from –0.5°C in 1986 to 0.5°C
in 2005, with a linear trend of 0.25°C per decade,
significant at the 99.9% level (23). The 5-year
smoothed SST series shows periods of anoma-
lous cooling and warming that are separated at
1995, a point thought to represent the transition
from negative to positive phase of the Atlantic
Multidecadal Oscillation (6).

The smoothed versions of the modeled mixed
layer temperature response to aerosols (Fig. 2A)
and the observed SST anomalies (Fig. 2B) are
very similar; both show local minimums in the
early 1980s and early 1990s, in addition to a
maximum in temperature in 2005. The plot of
the temperature response to aerosols also ex-
hibits a transition from generally negative to
positive anomalies around 1995 but does not
exhibit the local maximum around 1997, and
the maximum in 2005 is about 0.1°C cooler than
is that from the Hadley Centre SST observations.

To better determine the extent to which aero-
sols have contributed to the evolution of this
tropical North Atlantic temperature anomaly, we
subtracted our monthly estimates of the oceanic
cooling by dust and stratospheric aerosols from
the observed tropical North Atlantic SST and
plotted the anomaly of the residual (Fig. 3). This
is our estimation of variability in northern trop-
ical Atlantic SST that is not directly driven by
local changes in aerosols, which we term the
residual SST. The trend in the residual SST time
series is 0.08°C per decade (Table 1 and Fig. 3),
weaker than the trend in observed SST by 0.17°C
per decade (Fig. 2B) and not statistically sig-
nificant (23). These calculations suggest that
69% of the recent upward trend in northern
tropical Atlantic SST is due to changes in aero-
sols. Separating by aerosol type, 46% of the trend
in SST here is driven by changes in stratospheric
volcanic aerosols, and 23% of the trend is driven
by changes in tropospheric mineral aerosols
(Table 1). The 5-year smoothed residual SST
exhibits a less pronounced transition than is
seen in the observations from anomalously
cool to warm temperatures in 1995 (Fig. 2B). In
the residual SST, the anomalous warming of
2005 has a magnitude that is roughly half of
what is seen in the observations, consistent
with previous studies suggesting that changes
in surface solar insolation played a role in the
warming during those summer months (9, 24).

To quantify the overall importance of changes
in aerosols to the evolution of the SST time
series, in addition to the percent reduction in the
trend, we also report the percent variance at-
tributable to aerosol variability in the detrended,
5-year smoothed ocean temperature time series.
This is defined as 1 – [(detrended residual low-
frequency variance)/(detrended observed low-
frequency variance)] × 100% (20). In the case of
Fig. 3, the variance in the smoothed and de-

trended residual time series is 33% of that for the
detrended measured SST series, which suggests
that 67% of the detrended low-frequency varia-
bility in northern tropical Atlantic temperatures is
driven by local variations in aerosol loadings
(Table 1). Separating by aerosol type, 55% of the
smoothed detrended temperature variance is due
to changes in volcanic stratospheric aerosols, and
12% of the variance is due to changes in tropo-
spheric mineral aerosols (Table 1). When we
repeated this analysis for only the boreal summer
months (July to September), we found that 75%
of the variance in observed SST (after detrending
and smoothing) can be attributed to changes in
aerosol loadings, and the 0.23°C per decade trend
in summertime SST—which is statistically sig-
nificant at the 99% level (23)—is nearly an order
ofmagnitude stronger than the 0.03°C per decade
residual summertime trend, which is not statisti-
cally significant (20).

A map of the linear trends in observed an-
nual mean SST for the 1982–2007 period shows
that recent warming is not uniform across the
tropical Atlantic basin (Fig. 4A). Although the
trends in SST are statistically significant through-
out the area we are interested in, the warming is
most pronounced between 10° and 20°N and
east of 60°W, with values here exceeding 0.3°C
per decade. This pattern of northern tropical
Atlantic SST trends (Fig. 4A) is similar to that of
annual mean dust loadings (fig. S1) and the
climatological mixed layer temperature response
to surface aerosol forcing (Fig. 1). Linear trends
in the residual SST, also based on annual means
for the 1982–2007 period, are weaker and more
uniform across our region of interest. For ex-
ample, the warming in the region of 10° to 20°N
and east of 60°W is neither strongly positive nor
statistically significant. North of roughly 25°N
there are statistically significant upward trends in
the residual SST, which seem to be a continu-
ation of the warming pattern north of 30°N.

Because there are uncertainties associated
with our methodology for estimating the impact
of aerosol loadings on ocean temperature, we
also ran our model with modifications to param-
eters to which the output is sensitive (Table 1).
This includes increasing and decreasing cloud
cover by 5%, deepening and shoaling the mixed
layer depth by 5 m, increasing and decreasing
AOT by 0.1, and applying an upper and lower
limit to the so-called feedback parameter (20).
Although the results from the sensitivity study
show that our estimation of the magnitude of
aerosol cooling of ocean temperatures is sensitive
to our model parameters (mean cooling values
range from –1.31° to –0.31°C), estimations of
the detrended and smoothed SST variance at-
tributed to aerosols are more robust (values range
from 60 to 68%), as are estimations of the per-
cent reduction in the residual SST trend (values
from 56 to 93%) and the magnitude of the re-
sidual SST trends (0.02° to 0.11°C per decade).
Additionally, for each case in the sensitivity study
except increasing the mixed layer depth, none

Linear Trend in SST (°C/decade)

A B

Fig. 4. Map of linear trends in observed SST (A) and the residual SST (B). Trends are calculated
from the annual mean time series at each 0.5° grid cell over the 1982–2007 period. Hatched areas
represent regions with linear trends that are statistically significant at the 95% level (23). The area
enclosed by thick black lines (i.e., the oceanic regions of 0° to 30°N and 15° to 65°W) represents
the region over which mean time series are calculated (Figs. 2 and 3), and in (B) is the area where
the aerosol direct effect and its impact on ocean temperatures have been estimated.
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of the residual SST trends are statistically signif-
icant at the 95% level (23). Note that our analysis
does not show that aerosols explain year-to-year
changes in SST, but that their effect is realized
when considering variability on longer time scales
because year-to-year changes in tropical Atlantic
SSTare more strongly modulated by wind-induced
latent heat fluxes (24, 25).

The present analysis is an estimate of the
direct effect of dust radiative forcing on the upper-
ocean heat budget. Our analysis does not exclude
other sources of variability in the northern tropi-
cal Atlantic (24), nor does it account for reductions
in atmospheric water vapor (20, 26) or possible
increases in cloudiness (20, 27) associated with
dust outbreaks. Nor does it include dynamical
feedbacks from an atmospheric response to aerosol
forcing and associated SST changes, including
changes in the latent and sensible heat fluxes
(28–30). Therefore, further analysis of coupled
and dynamical feedbacks to aerosol forcing of
tropical ocean temperatures is warranted.

Over the past 30 years, temperatures in other
tropical ocean basins have been rising steadily, but
at a slower rate than in the Atlantic (31). At the
same time, projections of surface temperature in-
creases under a doubled carbon dioxide climate
suggest that the Atlantic should be warming at a
rate slower than the other observations (32). We
suggest that this apparent disconnect between
observations and models may be due to the in-
fluence of Atlantic dust cover. Our results imply
that because dust plays a role in modulating
tropical North Atlantic temperature, projections of
these temperatures under various global warming

scenarios by general circulation models should
account for long-term changes in dust loadings.
This is especially critical because studies have
estimated a reduction in Atlantic dust cover of 40
to 60% under a doubled carbon dioxide climate
(33), which, on the basis of model runs with an
equivalent reduction of the mean dust forcing,
could result in an additional 0.3° to 0.4°C
warming of the northern tropical Atlantic.
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UV Absorption Cross Sections
of ClOOCl Are Consistent with
Ozone Degradation Models
Hsueh-Ying Chen,1* Chien-Yu Lien,1* Wei-Yen Lin,1,2 Yuan T. Lee,1,2 Jim J. Lin1,3†

Recently, discrepancies in laboratory measurements of chlorine peroxide (ClOOCl) absorption
cross sections have cast doubt on the validity of current photochemical models for stratospheric
ozone degradation. Whereas previous ClOOCl absorption measurements all suffered from
uncertainties due to absorption by impurities, we demonstrate here a method that uses
mass-selected detection to circumvent such interference. The cross sections of ClOOCl were
determined at two critical wavelengths (351 and 308 nanometers). Our results are sufficient to
resolve the controversial issue originating from the ClOOCl laboratory cross sections and suggest
that the highest laboratory estimates for atmospheric photolysis rates of ClOOCl, which best
explain the field measurements via current chemical models, are reasonable.

After the discovery of the Antarctic ozone
hole (1), scientists directed great effort
toward studying the underlying chemi-

cal and photochemical processes. Until recently,
the consensus was that the chemical processes
that are responsible for the formation of the
ozone hole were reasonably well understood (2).
However, laboratory data on the ultraviolet ab-

sorption spectrum of chlorine peroxide (ClOOCl)
published in 2007 by Pope et al. (3) cast doubt
(4–6) on that understanding. The absorption cross
sections measured by Pope et al. (3) at wave-
lengths longer than 300 nm (l > 300 nm) are
much smaller than previously accepted values (7).
If these recent data are correct, the atmospheric
photolysis rates of ClOOCl are much smaller than

originally thought, and it would be impossible to
produce enough Cl atoms to explain the observed
ozone loss via any known chemical mechanisms.
Moreover, atmospheric measurements of constit-
uents such as ClO/ClOOCl could not be recon-
ciled with the Pope et al. data (3), which raises
questions (4–6) about the validity of either the
laboratory measurements or model calculations,
thus heightening the need for new laboratory
studies to either confirm or refute those findings.

Among the major factors controlling ozone
loss in the polar stratospheric vortices is the ki-
netics of the ClOOCl catalytic cycle, in which
the photolysis rate of ClOOCl plays a key role
(2, 5, 8). The ultraviolet absorption spectrum of
ClOOCl shows a relatively strong and broad
feature with a peak at ~245 nm and a long tail
extending to 300 nm and longer wavelengths
(3, 8–11). Because ozone strongly absorbs and
therefore depletes sunlight of l < 300 nm, it is the

1Institute of Atomic and Molecular Sciences, Academia Sinica,
Taipei 10617, Taiwan. 2Department of Chemistry, National
Taiwan University, Taipei 10617, Taiwan. 3Department of
Applied Chemistry, National Chiao Tung University, Hsinchu
30010, Taiwan.

*These authors contributed equally to this work.
†To whom correspondence should be addressed. E-mail:
jimlin@gate.sinica.edu.tw

www.sciencemag.org SCIENCE VOL 324 8 MAY 2009 781

REPORTS

 o
n 

D
ec

em
be

r 
28

, 2
00

9 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org

