Analyses of IPCC Climate

Model Data
at IPRC |

by Kevin Hamilton

he Intergovernmental Panel on Climate Change

(IPCC) provides authoritative reviews of the state of

climate science for national governments through-
out the world. A key aspect of its work has been the produc-
tion of major assessment reports in 1990, 1995, 2001, and
now in 2007, the Fourth Assessment Report or AR4. Each of
the IPCC reports has included assessment of comprehensive
global climate models (GCM) representing the state-of-the-
art at the time of the report.

The authors of the latest report developed the GCM-
evaluation activity into a more systematic and comprehen-
sive project. Scientists at 17 major climate modeling centers
throughout the world ran a series of extensive integrations
with their different models under various standard, pre-
scribed climate scenarios. The massive outputs were archived
by Lawrence Livermore National Laboratory and made
available to the scientific community for analysis beginning
December 2004. The expectation was that many resulting
studies would be peer-reviewed and published in time for
their inclusion in the AR4.

The National Science Foundation, the
Department of Energy, and the National Oce-
anic and Atmospheric Administration (NOAA)
jointly created the Climate Model Evaluation
Project (CMEP) to fund US investigators to
analyze the models in the AR4. IPRC Associ-
ate Researcher H. Annamalai and I were sup-
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ported under the CMEP program. CMEP also funded a
major workshop for scientists to discuss their preliminary
analyses of the AR4 GCM data. The IPRC hosted this work-
shop, which attracted over 100 submissions from around
the world, in March 2005 at the East-West Center (see IPRC
Climate Vol. 5, No. 1).

The Lawrence Livermore archive is a remarkable re-
source for many kinds of climate studies and will remain
so long after the publication of the AR4. In fact, the con-
tinuation of the data archive is now under the auspices
of a new World Climate Research Programme (WCRP)
project, the Coupled Model Intercomparison Project-3
(CMIP3; Meehl et al. 2007).

The complete set of AR4 model scenarios are listed at
http://www-pcmdi.lnl.gov/ipcc/standard_output.html#Experiments
sets of integrations are particularly noteworthy: In the (1)
pre-industrial control simulations, aspects of the atmospheric
composition (long-lived greenhouse gases and tropospheric
aerosols) are fixed at values existing in 1850 and are then in-
tegrated for several hundred years. The end results are then
used as initial conditions for the (2) climate of
the 20™ century simulations, in which the evolv-
ing natural and anthropogenic variations in
atmospheric composition (greenhouse gases
and tropospheric and stratospheric aerosols)
are imposed. These simulations end with the

year 2000, and the end results are then used as
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initial conditions for various future climate projection runs.
One particular scenario is the (3) 1% annual increase to CO,
doubling run, in which long-lived greenhouse gases remain
fixed at current values except for the CO, concentration,
which increases by 1% per year until 2072, when CO, values
will have doubled. After CO, doubling has been reached, the
models are then run without further increase for another
150 years to determine the equilibrium response to the dou-
bling. The (4) SRES A1B scenario integrations are the same
as (3) except that projected changes are imposed throughout
the 21st century in concentrations of various forcing agents
in addition to CO,, namely, methane, nitrous oxide and
tropospheric aerosols.

IPRC scientists have embraced the opportunities opened
up by the AR4 model simulation data. Here I briefly review
three different studies I have undertaken with various col-
laborators using these data. In companion articles, Annamalai
discusses several studies using the AR4/CMIP3 data that have
focused on monsoon variability, and IPRC Theme Leader
Shang-Ping Xie and Simon de Szoeke, Ingo Richter, and
N.H. Saji describe their analyses of tropical Atlantic, Pacific,

and Indian Ocean climates as simulated in the AR4 models.

Climate Response to Volcanic Eruptions

Large explosive volcanic eruptions inject great quanti-
ties of sulfur into the stratosphere that rapidly forms sulfu-
ric acid droplets. These aerosol droplets reflect radiation in
the visible spectrum and absorb infrared radiation. Such an

aerosol has a lifetime of about 2 years, and the direct pertur-

bation to the global-mean radiative balance can be as large as

Mt Pinatubo. Credit: NASA/Goddard Space Flight Center Scientific Vi-

sualization Studio
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Figure 1. The top panel shows anomalies in the global-mean reflected
sunlight at the top-of-atmosphere for seven different models in the
1980-1999 years of their 20" century integrations. The anomaly is de-
fined as the deviation from the 1880-1999 mean annual cycle. The bot-
tom panel shows the same analysis but for anomalies in global-mean
surface air temperature. In both panels each curve represents an aver-

age over several realizations for an individual model.

5 W/m? (i.e., comparable in magnitude to that expected from
a doubling of atmospheric CO, content) for large histori-
cal eruptions such as Krakatau (1883) and Pinatubo (1991).
Volcanic eruptions provide a unique opportunity to observe
the response of the climate system to global-scale and fairly
long-lived climate forcing.

I collaborated with Georgiy Stenchikov (Rutgers Univer-
sity) and other colleagues at Rutgers, the NOAA Geophysical
Fluid Dynamics Laboratory, Lawrence Livermore National
Laboratory, and Cambridge University Geography Depart-
ment in a study of the effects of the stratospheric aerosol in
the AR4 20" century integrations. We identified 7 models that
had included a realistic time-varying stratospheric volcanic
aerosol field as part of the climate forcing imposed in the
20™ century runs (many of the models in the AR4 unfor-
tunately did not include volcanic aerosol in their historical
runs). The time series of simulated global-mean top-of-at-
mosphere reflected sunlight and global-mean surface-air
temperature are displayed in Figure 1 for periods that include
the eruptions of El Chichon (1982) and Pinatubo (1991).
Each of the models shows increased reflected sunlight and a
drop in global-mean surface temperature for roughly 2 years
after each eruption. In each model, the post-volcanic surface

cooling interrupts an overall warming trend driven by the



increasing greenhouse gas concentra-

tions in the 20" century runs.

The focus of our collaborative project
was on the geographical distribution of
the response to volcanic forcing during
Northern Hemisphere winter. Despite the
global-mean cooling effect of the aero-
sol, observations show a tendency for the
Arctic Oscillation to be anomalously
positive in the first two post-eruption
winters, resulting in warmer-than-nor-
mal surface temperatures over much of
northern Europe and northern Asia.
One explanation is that the stratospher-
ic mean flow is significantly affected
by the radiative effects of the aerosols
(notably the winter stratospheric polar
vortex strengthens in the post-volcanic
period), and this in turn modifies the
structure of large-scale, topographi-
cally forced stationary waves in the
winter hemisphere. Our earlier studies
have shown that this mechanism seems
to operate in a realistic manner in the
GFDL SKYHI global atmospheric

GCM, a model with good resolution in

the stratosphere and mesosphere (e.g.,
Stenchikov and colleagues, 2004).

In the present study we investi-
gated how well the 7 AR4 models that
included volcanic aerosol reproduce
the observed response in Northern
Hemisphere winter. The left panel in
Figure 2 shows the anomalies in the
surface temperature averaged over a
large region of northern Eurasia and over
December-February in the two years fol-
lowing the seven strongest low-latitude
eruptions during 1880-2000. (Anomaly
in this case is defined as the deviation
from the decadal mean before the erup-
tion.) These model results are compared
with observations during the same pe-
riod. The right panel shows a measure
of the observed strength of the strato-
spheric polar vortex, namely the 50 hPa
geopotential height near the North Pole,
averaged over December-February in the
two years following the strong low-lati-
tude eruptions (only for the period after
1958 because reliable stratospheric obser-

vations were unavailable before 1958).

The results are rather disappoint-
ing: none of the models simulates a
response in either the polar vortex
strength or the Eurasian surface tem-
peratures that is anywhere close to ob-
servations. In fact, three of the models
actually simulate cooling in the Eur-
asian region and two simulate a weak-
ening of the polar vortex. It is notewor-
thy that the model showing the largest
stratospheric response (the GFDL ver-
sion 2.0 model) also shows the most
realistic Eurasian warming. However,
even in this “best” model, the strength
of response to the volcanic forcing is
only about 1/3 of that observed. Given
the success of the GFDL SKYHI model
mentioned earlier, the failure of the
AR4 models may be due to inadequate
resolution of the stratosphere. If cor-
rect, this explanation has far-reaching
implications: it suggests that success-
fully simulating the trend in the Arctic
Oscillation in climate-change projec-
tions will require models with substan-

tial resolution in the stratosphere.
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I am continuing analysis of the climate response to the
volcanic perturbations in the 20" century runs, with a focus
on the global-mean surface temperature response. The ob-
served change in global-mean surface temperatures follow-
ing eruptions is often regarded as the strongest available con-
straint on the actual equilibrium sensitivity of the climate to
sustained anthropogenic forcing. The issue of how strongly
the volcanic response does actually constrain global climate
sensitivity will be addressed by comparing AR4 model results
in which the volcanic response simulated in the 20" century
runs with results in which the equilibrium response is simu-
lated in the extended CO, doubling runs. This new analysis
will be conducted in light of results from a more idealized
study of the global-mean response to transient “volcano-like”
perturbations that I recently completed in collaboration with
George Boer (Canadian Center for Climate Modelling and
Analysis) and IPRC postdoctoral fellow Markus Stowasser
(Boer et al., 2007).

Cloud Feedback in a Changing Atmosphere

A critical component in determining the response of the
climate system to such large-scale perturbations as increas-
ing greenhouse gas concentrations is anticipating the feed-
backs in cloud fields. State-of-the-art GCMs differ widely in
their global climate sensitivity largely because they differ in
the nature of their cloud feedbacks. A study of the response
of cloud fields and feedbacks to climate change in the differ-
ent models should yield insights concerning how realistic the
model predictions are. One possible approach is to look at
how cloud fields vary as a function of natural variations in
the large-scale meteorological fields.

In collaboration with Stowasser, [analyzed the 20" century
runs of 12 of the AR4 models to determine the interannual
variability of the monthly means of such meteorological fields
as mid-tropospheric vertical velocity and their relationship
to local monthly-mean shortwave cloud radiative forcing
(i.e., the actual net top-of-atmosphere flux minus the flux
computed under cloudless conditions). For each model, we
used five years of integration to calculate the climatological
mean of the mid-tropospheric vertical velocity at each grid-
point. We then computed the monthly deviations from these
means at each gridpoint to determine the monthly vertical
velocity anomalies of each model. The top panel of Figure 3
shows the distribution of the climatological mid-tropospher-

ic vertical velocity (omega field at 500 hPa) for all the ocean
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Figure 3. The top panel shows the distribution of individual gridpoint
values of the long-term mean 500 hPa omega vertical velocity. Results
presented for all ocean gridpoints between 30°S and 30°N. Results for
12 of the AR4 models are compared along with observations based
on ERA40 reanalyses. The bottom panel shows the distribution of in-
dividual monthly values of the anomaly in the 500 hPa omega vertical

velocity for the same collection of gridpoints.

gridpoints between 30°S and 30°N in each of the 12 models
and in observations as represented by the ECMWF ERA40
reanalyses. The lower panel shows all the monthly anomalies
in the 500 hPa omega field. The models agree reasonably well
with the observations on the overall amount of geographical
and interannual variability of the monthly mean vertical ve-
locity field for the regions considered here (i.e., tropical and
subtropical ocean areas).

The top-of-the-atmosphere mean shortwave cloud
forcing for each model was also computed for the 5-year
period at each gridpoint, and from these, the monthly de-
viations from the “climatological” means. The resulting data

then represents the monthly deviations in cloud forcing at
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Figure 4. The response of the monthly-mean cloud forcing to interan-
nual fluctuations in grid-scale vertical velocity as simulated in 12 AR4
models, and compared with two observational estimates (one based
on ERA40 and one on NCEP reanalyses). The model results are grouped
according to the overall nature of the scheme used to compute the

cloud amounts. See text for details.

each gridpoint as a function of both the mean vertical ve-
locity and the anomalous vertical velocity. We then fitted a
polynomial equation to the data to get a smooth function
representing the anomalies in cloud forcing as a function of
the mean and the anomaly vertical velocity fields. Figure 4
shows the most revealing aspect of this fit: the rate of change
in shortwave cloud radiative forcing as a function of anoma-
lies in the monthly-mean vertical velocity field. Results for all
12 models and 2 observational estimates are presented. In
both the observations and all the models, this function is a
positive number, indicating that as omega becomes larger
(i.e., downward motion increases), the shortwave cloud forc-
ing becomes more positive (i.e., cloud cover shrinks). The
models display a four-fold range in the magnitude of this
feedback, however, and scatter to both higher and lower
values than the observations.

In an attempt to make sense of the scatter among
models, we grouped the results by the overall nature of the
cloud schemes used in the models. The 5 models that have
a simple diagnostic determination of cloud amounts and
use the grid-scale relative humidity are grouped as “RH” in
Figure 4. The models with a more complicated prognostic
scheme for cloud amounts are grouped as prognostic, while
the two remaining models with other schemes are labeled as
statistical. The feedback strength, however, seems unsystem-

atically related to the type of cloud scheme used.

We repeated the analysis using the 850 hPa monthly-
mean relative humidity as the meteorological variable (not
shown). Once again this revealed a wide range among the
models in the strength of the cloud feedbacks. Unfortunate-
ly some of the models that agree best with observations on
the cloud response to vertical velocity do poorly in a similar
comparison of the cloud response to relative humidity varia-
tions (not shown).

Detailed results of this study can be found in Stowasser
and Hamilton (2006).

Climate Change in Hawai‘i

A major limitation of the IPCC assessments has been the
horizontal resolution of the models. Limitations of computa-
tional power have meant that most very long GCM climate
forecast integrations have been performed with atmospheric
component models that have horizontal grid spacings of
~200 to 500 km. Such low resolution prevents the represen-
tation of many aspects of the atmospheric circulation. This
problem is particularly acute for Hawai‘i. Hawaiian weather
is strongly affected by the steep mountains. The typical mod-
els in the AR4 might represent all the Hawaiian Islands as a

single land grid box or even ignore Hawai’i entirely!

20km

This snapshot of rain rates in one of the disturbances affecting Hawaii
in February - March, 2006, was created from instruments on the TRIMM
satellite. The 3-D perspective helps scientists understand the relation-
ship between the storm structure and the amount of rain unleashed.
Towering clouds produce the most rain. Image credit: Hal Pierce (SSAI/

NASA GSFQ)
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The Climate Research Department
of the Japan Meteorological Agency’s
Meteorological =~ Research  Institute
(MRI) performed the standard set of
AR4 runs with a version of their cou-
pled ocean-atmosphere model at spec-
tral horizontal resolution T42 (cor-
responding to a grid spacing of about
400 km). In addition, the MRI group
conducted two special 10-year integra-
tions of their atmospheric model run
at much higher resolution (T959, cor-
responding to grid spacing of about
20 km). The sea surface temperatures
(SSTs) used as boundary conditions for
this high-resolution run were based on
the late 20th century of the 20" century
T42 coupled model run and the late
21st century of the T42 SRES AIB run.
These two T959 integrations provide,
for the first time, a global warming
forecast with a model that has a some-
what realistic representation of the
coastlines and topography of the main

Hawaiian Islands. Akira Noda and
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Figure 5. Profile of the topography in an
east-west section through the Big Island of
Hawai'‘i at the latitude of the island’s highest
elevation. Results are shown for the ETOP05
observational data set, for the T959 and T42
versions of the MRI global model, and for the

T106 version of the MIROC model.
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Figure 6. The annual mean rainfall in the Hawaiian region averaged over the 10 years of the late

20" century run of the MRI T959 global model. Contours are labeled in mm/day, and are shown

at1,1.5,2,3,..12 mm/day.

other scientists at MRI kindly provid-
ed a subset of the data for the Hawai-
ian region from their late 20™ and late
21 century T959 experiments. I am
now investigating the global warm-
ing signal in temperature, rainfall, and
wind in these runs.

Figure 5 compares the topography
in the high-resolution MRI version
with that in the standard version and
that in the University of Tokyo/JAM-
STEC MIROC T106 model (which
was the highest resolution coupled
ocean—atmosphere model used in the
AR4 runs). Shown is the east-west
transect of the topography through
the Big Island of Hawai‘i at the lati-
tude that passes through the highest
elevation for each model, as well as a
transect from an observed data set at
5-minute (~6 km) resolution. The T42
and T106 models treat the Big Island as

just an extensive, smooth, low bump in

Earth’s topography, while the high-
resolution MRI version comes closer to
a realistic representation of the actual
topographic profile. Of course, even
20-km grids are too coarse to ade-
quately represent the meteorologically
significant details of the topography, a
failing that is even more pronounced
on Oahu, Maui and Kauai.

The AR4 coupled models all simu-
late relatively weak rainfall over Hawai‘i
because the islands are located in what
is effectively a desert region dominated
by large-scale atmospheric descent.
Most of the rainfall over the islands
actually results from orographic lift-
ing of warm, moist air that condenses,
a process that for Hawai‘i is nearly ab-
sent from the standard resolution ver-
sions of the AR4 models. As Figure 6
shows, the high-resolution 20" century
MRI version run does capture the basic

feature of more rainfall over land than
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Figure 7. Yearly-mean values of rainfall in the
box 19°N-20°N, 155°W-156°W which includes
mainly the land areas of the Big Island. Re-
sults for 100 years of integration with the T42
MRI model (circles) and for 10 years with the
T959 version (crosses), and for the late 20"
century (blue) and for the predicted results
for late 21 century assuming the SRES A1B

scenario of climate forcing (red).

over the ocean and reproduces even
such detailed features of the observed
rainfall pattern as the two distinct rain-
fall maxima on the east and west sides
of the Big Island. The model also cap-
tures the observed seasonal cycle of Big
Island rainfall, with a summer maxi-
mum on the west side and a winter
maximum on the east side.

The left side of Figure 7 shows the
annual mean rainfall for a region sur-
rounding the Big Island from 100 indi-
vidual years in the standard T42 MRI
20™ century run (specifically the years
1980-1999 in 5 different realizations)
and from 10 individual years in the
high-resolution run. The high-resolu-
tion version has a rainfall rate for this
region that is almost 5 times that of
the coarser version. The right side of
Figure 7 shows the yearly rainfall for
the end of the 21 century in the T42

MRI model SRES A1B runs and for the
10-year high-resolution SRES A1B ver-
sion run. The T42 model predicts that
average rainfall will decrease by 20% in
the late 21 century. Such a reduction
would seriously hurt water resources in
Hawai‘i. The high-resolution version,
however, predicts a modest increase in
rainfall.

The decreased rainfall in the stan-
dard version is mainly due to greater
stability in the lower atmosphere, which
many global warming projections
show, and which in this case suppresses
the convective rainfall. The high-reso-
lution model also shows greater atmo-
spheric stability and suppressed con-
vective rainfall in the 21 century, but
the model also has orographic rainfall.
The orographic rainfall can be affected
by changes in wind patterns, stabil-
ity, etc. In this instance, it seems to be
mostly affected by increased absolute
humidity in the lower troposphere in
the late 21* century run, an increase
corresponding to the ~2.5°C rise in the
model’s air temperature. This leads to
an increase in orographic rainfall that
is somewhat larger than the decrease
in the convective rainfall. These results
demonstrate that the standard resolu-
tion models in the AR4 have little to
tell us directly about global warming
effects on Hawai‘i rainfall. Some kind
of downscaling of the coarse-resolu-
tion simulations is needed even for a
first-order assessment of anticipated
climate change on rainfall over the Ha-
waiian Islands.

I am continuing to use the MRI
model results to investigate other in-
teresting aspects of global warming in
Hawaii such as expected changes in

extreme rainfall and wind events.
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