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down on greater slopes, the deposits could
eventually become even steeper because the
internal tidal energy decreases with increasing seafloor gradient above the critical angle.
Other processes are at work in shaping continental slopes, and at least one of these,
turbidity currents, also has the potential to be
an important cause for the relative flatness of
continental slopes (20).
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Global Cooling After the
Eruption of Mount Pinatubo: A
Test of Climate Feedback by
Water Vapor
Brian J. Soden,1* Richard T. Wetherald,1 Georgiy L. Stenchikov,2
Alan Robock2
The sensitivity of Earth’s climate to an external radiative forcing depends
critically on the response of water vapor. We use the global cooling and drying
of the atmosphere that was observed after the eruption of Mount Pinatubo to
test model predictions of the climate feedback from water vapor. Here, we first
highlight the success of the model in reproducing the observed drying after the
volcanic eruption. Then, by comparing model simulations with and without
water vapor feedback, we demonstrate the importance of the atmospheric
drying in amplifying the temperature change and show that, without the strong
positive feedback from water vapor, the model is unable to reproduce the
observed cooling. These results provide quantitative evidence of the reliability
of water vapor feedback in current climate models, which is crucial to their use
for global warming projections.
Water vapor plays a key role in regulating
Earth’s climate. It is the dominant greenhouse gas (1) and provides the largest known
feedback mechanism for amplifying climate
change (2). Because the equilibrium vapor
pressure of water increases rapidly with temperature, it is generally believed that the concentration of water vapor will rise as the
atmosphere warms. If so, the added radiative
absorption from water vapor will act to further amplify the initial warming. Current cli1
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mate models suggest that this provides an
important positive feedback, roughly doubling the sensitivity of the surface temperature to an increase in anthropogenic greenhouse gases (3–5). If the actual feedback by
water vapor is substantially weaker than predicted by current models, both the magnitude
of warming and range of uncertainty resulting
from a doubling of CO2 would be substantially diminished (5).
Despite the importance of water vapor
feedback in determining the sensitivity of
Earth’s climate, the fidelity of its representation in climate models has remained a topic
of debate for more than a decade (6, 7). The
difficulty in verifying models partly stems
from the lack of observed climate variations
that can provide quantitative tests of the feedbacks in question. Assessments of water va-
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por feedback are often based on regional,
seasonal, or interannual variations of Earth’s
climate (8–12), which differ markedly in both
cause and character from the more uniform,
radiatively forced perturbations that result
from increasing CO2. Thus, their conclusions
are often qualitative, and their relevance to
feedbacks that arise from global warming are
often questioned (6, 13–15).
It has long been recognized that volcanic
eruptions provide a valuable opportunity to
observe the climate system’s response, albeit
a transient one, to the presence of an external
radiative forcing (16–19). Strong volcanic
eruptions inject large amounts of sulfuric gas
into the lower stratosphere where it combines
with water and oxygen to form small, yet
optically important, aerosol particles. Winds
rapidly disperse the particles throughout the
lower stratosphere, resulting in a near-global
perturbation to the radiative energy balance.
Because they are more effective at scattering
sunlight than absorbing longwave terrestrial
radiation, the net radiative effect of volcanic
aerosols is to cool the planet.
The eruption of Mount Pinatubo in the
Philippines in June of 1991 resulted in unprecedented observations of both radiative
forcing from volcanic aerosols as well as the
climate system’s response to this forcing.
Satellite observations confirm the decrease in
solar heating due to Mount Pinatubo aerosols
(20–22), which led to a global cooling of the
lower troposphere (23, 24). Associated with
this cooling was a reduction in the global
water vapor concentrations, which closely
tracked the decrease in temperature (25).
Thus, Mount Pinatubo provides a unique opportunity to not only study the sensitivity of
the climate system but, more importantly, to
also assess the response of water vapor and
quantify its role in determining that sensitivity.
It is widely recognized that current climate
models possess a strong positive feedback by
water vapor (3–5, 26). Nevertheless, one can
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construct a model with a substantially weakened water vapor feedback by artificially removing the longwave (LW) (terrestrial) component of the feedback loop (27). Studies have
shown that when water vapor feedback is removed in this fashion, the variability of the
model is suppressed at all time scales, not just
the longer (decadal to century) time scales associated with global warming. As we show, this
enables us to evaluate model simulations with
vastly differing strengths of water vapor feedback against observations of the actual climate
system’s response to the transient perturbation
from Mount Pinatubo.
The model used here is an atmospheric general circulation model (GCM) with specified
clouds coupled to a mixed-layer ocean with
prescribed horizontal heat transports (26, 28).
Three pairs of model integrations are performed, each starting in January of 1991 (5
months before the eruption) and lasting 5 years.
Each experiment pair consists of a “control”
simulation, in which no aerosols are used, and a
“Mount Pinatubo” simulation, in which the
model is perturbed using the observed zonalmean distribution of Mount Pinatubo aerosols
(26, 29).
Because the transient response of the model
depends on both its sensitivity and the external
radiative forcing imposed on it, we first demonstrate the consistency between the modelsimulated radiative forcing with that measured
by satellites (Fig. 1). Both the observations and
model simulations yield very similar reductions
in the absorbed solar or shortwave (SW) radiation (30), which are nearly twice as large as the
reduction in emitted LW radiation, a net loss of
radiative energy that cools the surface and lower troposphere.
The magnitude of this cooling is documented
by satellite measurements of lower tropospheric
temperature from the microwave sounding unit
(MSU) (31). The MSU data indicate a peak global
cooling of ⬃0.5 K nearly 18 months after the
eruption, after which the temperature slowly returns to pre-Pinatubo levels (Fig. 2, top). In all
three members of the ensemble, both the magnitude and duration of the model-predicted cooling
agrees remarkably well with that measured by the
MSU, confirming the model’s ability to accurately reproduce the observed cooling (32).
Other sources of climate variability, most
notably the El Niño–Southern Oscillation
(ENSO), are not included in these model
simulations but do influence the observed
global temperature record. Indeed, the actual
climate system was experiencing an extended
El Niño during much of the early 1990s.
However, because the observed anomalies
are expressed relative to the pre-eruption value (24), and because this El Niño began
before the eruption and was unusually persistent in nature, its impact on the global temperature anomalies from 1991 to 1995 is
small. As evidence of this, Fig. 2 also shows
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the observed anomalies after being adjusted
to remove the effects of ENSO (33). Removing ENSO slightly increases the peak cooling
during mid-1992 and reduces the sharp drop
in temperature at the end of 1995, both of
which bring the observations and model simulations into better agreement.
How does the water vapor field respond to
the radiatively forced cooling? The model-predicted anomalies in total column water vapor
(Fig. 2, middle) indicate a distinct drying of the
global atmosphere that agrees well with obser-

vations from the NASA Water Vapor Project
(NVAP) (25). Both indicate a peak reduction in
global water vapor of ⬃0.75 mm (⬃3%), which
coincides with the period of maximum cooling
(⬃0.5 K). The rate of global-mean drying
(⬃6%/K) agrees with the rate at which the
saturation vapor pressure decreases with temperature in the lower troposphere, implying a
nearly constant relative humidity change in water vapor mass. Such behavior at the global scale
is a widely recognized characteristic of climate
models (3–5, 7, 8).

Fig. 1. Comparison of
the observed anomalies
in absorbed SW (top)
and emitted LW (bottom) radiative fluxes at
the top of the atmosphere from Earth Radiation Budget Satellite
observations
(black)
and three ensembles of
GCM simulations (red).
The observed anomalies are expressed relative to a 1984 to 1990
base climatology, and
the linear trend is removed (30). The results
are expressed relative
to the pre-eruption
( January to May 1991)
value of the anomaly
and smoothed with a
7-month running mean
(thick line). The GCM anomalies are computed as the difference between the control and Mount
Pinatubo simulations for each ensemble member. Both the model and observed global averages are
from 60N-60S due to the restriction of observed data to these latitudes.

Fig. 2. Comparison of the observed (solid line) and model-predicted (dashed line) global-mean
(90°N–90°S) changes in lower tropospheric temperature (top), total column water vapor (middle), and
upper tropospheric (300 to 500 hPa) water vapor (bottom) after the eruption of Mount Pinatubo. The
observed anomalies are computed using a 1979 to 1990 base climatology and expressed relative to the
pre-eruption value, defined here as the mean anomaly for January 1991 to May 1991. The model
anomalies are computed for each ensemble pair as the difference between the control and Mount
Pinatubo experiments. All time series have been smoothed using a 7-month running mean.
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Because the concentration of water vapor
mass decreases roughly exponentially with
height, changes in the total column water vapor
are dominated by the response of water vapor in
the lower troposphere. Yet, water vapor in the
upper troposphere has a disproportionately
large effect on the outgoing LW radiation (34)
and, consequently, on climate sensitivity (5).
Therefore, we also examine the response of the
upper tropospheric water vapor between 300
and 500 hPa. Because retrievals of upper tropospheric water vapor are less reliable than
those for the total column, we include both
NVAP (25) and TIROS (Television Infrared
Observation Satellite) Operational Vertical
Sounder (TOVS) products (26, 35) in our comparison (Fig. 2, bottom).
Both sets of observations indicate a drying
of the upper troposphere after the Mount Pinatubo eruption, although TOVS suggests a
somewhat larger drying than does NVAP. The
model simulations show similar reductions during the first half of the record, where the cooling is greatest. After mid-1993, the NVAP
anomalies rapidly return to pre-eruption levels,
whereas the model simulations and the TOVS
retrievals show a more gradual return. However, given the difficulty in retrieving such small
concentrations of water vapor, it is unclear
whether this discrepancy reflects a deficiency in
the model or in the inversion algorithms used
by NVAP.
This uncertainty can be avoided by comparing the model simulations directly with the

satellite-observed radiances, thereby eliminating errors associated with the retrieval process
(36). Figure 3 compares the satellite-observed
equivalent blackbody temperatures at 6.7 m
(T6.7) from the TOVS instrument (37) with
those computed offline from the model’s temperature and moisture profiles (38). Under clear
skies, the 6.7-m channel is primarily sensitive
to changes in relative humidity averaged over a
deep layer of the upper troposphere (roughly
200 to 500 hPa) (39). Thus, if the water vapor
mass in the upper troposphere decreases by
conserving relative humidity as the atmosphere
cools, only a small perturbation to T6.7 would
be expected.
Figure 3 confirms that both the observations
and model simulations yield only a modest reduction in T6.7. In fact, the model-simulated
anomalies are nearly identical to those obtained
if one repeats the calculation of T6.7 under the
assumption of a constant relative humidity
change in the model’s water vapor field [shown
as a green curve in Fig. 3 (40)]. In contrast,
consider the anomalies in T6.7 that would result
if there was no decrease in water vapor mass in
the model’s upper troposphere [shown as a red
curve in Fig. 3 (41)]. In this case, the T6.7 would
decrease by ⬃0.8 K, more than twice what was
observed, due to a reduction in Planck emission
(cooling) without a compensating reduction in
atmospheric opacity (drying). Thus, without a
nearly constant-relative-humidity drying of the
upper troposphere, the model would be unable
to reproduce the observed record of T6.7.

Fig. 3. Comparison of
the observed (black)
and
GCM-simulated
(blue) changes in global-mean (90°N–90°S)
6.7 m brightness
temperature (T6.7). The
observed anomalies are
computed with respect
to a 1979 to 1990
base climatology and
expressed relative to their pre-eruption ( January to May 1991) value. The GCM-simulated anomalies are
computed as the ensemble-mean difference (Pinatubo – control) from the three pairs of GCM
simulations. The green curve depicts the GCM-simulated T6.7 computed under the assumption of a
constant relative humidity change. The red curve depicts the GCM-simulated T6.7 computed under the
assumption of a constant, seasonally varying water vapor mixing ratio (i.e., no drying of the upper
troposphere). The thick lines depict the 7-month running mean of each time series.
Fig. 4. Comparison of
the satellite-observed
(black) and modelpredicted change in
global-mean (90°N–
90°S) lower tropospheric temperature
for the standard GCM
(blue) and the GCM
without water vapor
feedback (red). The observations are identical
to those shown in Fig.
2. For clarity, we present only the ensemble-mean difference from each model of the three experiment
pairs (Pinatubo – control). All curves are 7-month running means.

The above simulations show that the model atmosphere dries in response to the radiatively induced cooling in agreement with the
observations. But to what extent does this
drying amplify the cooling? To answer this
question, we repeat our experiments using a
configuration of the model in which water
vapor feedback has been artificially suppressed by removing the LW component of
the feedback loop (26, 42). Once again, three
pairs of integrations are performed, where
each pair consists of a control simulation and
a Mount Pinatubo simulation using the same
aerosol forcing as before.
Figure 4 compares the Mount Pinatubo–
induced cooling from both the “standard”
(i.e., with water vapor feedback) and “no
water vapor feedback” configurations of the
model. In contrast to the standard model, the
model without water vapor feedback is unable to reproduce the observed cooling. Over
the period of June 1991 to December 1995,
the standard model predicts an average global
cooling of 0.31 K, which compares favorably
with the observed cooling of 0.30 K [0.33 ⫾
0.03K, with ENSO signal removed (43)].
Without water vapor feedback, the modelpredicted cooling is only 0.19 K. Thus, feedback from water vapor amplifies the magnitude of global cooling by ⬃60%, which is in
good agreement with the amplification predicted by climate models in response to a
doubling of CO2 (3) and with that derived
from idealized calculations using a constant
relative humidity approximation (5).
To reproduce the observed temperature
record after the eruption of Mount Pinatubo,
the model requires a strong positive feedback, equivalent in magnitude to that predicted for water vapor. Although it is possible
that other processes, such as clouds, could act
in place of water vapor to provide the strong
positive feedback necessary to amplify the
cooling, the observational evidence clearly
indicates a reduction in water vapor that is
consistent with the model predictions.
This study highlights the role of water vapor
feedback in amplifying the global cooling after
the eruption of Mount Pinatubo. We note, however, that Mount Pinatubo does not provide a
perfect proxy for global warming, because the
nature of the external radiative forcing obviously differs between the two. Nevertheless, the
results described here provide key evidence of
the reliability of water vapor feedback predicted
by current climate models in response to a
global perturbation in the radiative energy balance. Given the importance of water vapor
feedback in determining climate sensitivity,
such confirmation is essential to the use of these
models for global warming projections.
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The North Atlantic Spring
Phytoplankton Bloom and
Sverdrup’s Critical Depth
Hypothesis
D. A. Siegel,1* S. C. Doney,2 J. A. Yoder3
More than 50 years ago, Harald Sverdrup developed a simple model for the
necessary conditions leading to the spring bloom of phytoplankton. Although
this model has been used extensively across a variety of aquatic ecosystems,
its application requires knowledge of community compensation irradiance (IC),
the light level where photosynthetic and ecosystem community loss processes
balance. However, reported IC values have varied by an order of magnitude.
Here, IC estimates are determined using satellite and hydrographic data sets
consistent with the assumptions in Sverdrup’s 1953 critical depth hypothesis.
Retrieved values of IC are approximately uniform throughout much of the North
Atlantic with a mean value of 1.3 mol photons meter⫺2 day⫺1. These community-based IC determinations are roughly twice typical values found for
phytoplankton alone indicating that phytoplankton account for approximately
one-half of community ecosystem losses. This work also suggests that important aspects of heterotrophic community dynamics can be assessed using
satellite observations.
The spring bloom of phytoplankton in the
North Atlantic Ocean has long fascinated
oceanographers from the 1930s to 1950s (1–
3) to the present day, where large interdisciplinary field experiments have been conducted to assess its role in the global carbon cycle
1
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(4). When viewed from space, the North
Atlantic spring bloom is among the largest
mass greenings observed on the Earth surface
extending over scales of more than 2000 km
(5–7). The North Atlantic spring bloom propagates to the north at speeds of the order of 20
km day⫺1 as can be clearly seen in time
series observations of chlorophyll pigment
concentration (Chl) made from spaceborne
sensors (8).
Sverdrup’s 1953 critical depth hypothesis (1) has been applied to a variety of
aquatic ecosystems in an effort to quantify
the roles of light availability and vertical
mixing leading to spring blooms of phyto-
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