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MULTI-CENTENNIAL RESPONSE OF ENSO
UNDER VARYING ATMOSPHERIC CO2

The El Nifio/Southern Oscillation (ENSO) affects millions of people via global
teleconnections in the form of drought and torrential rainfall that impact agriculture and
food production in many countries. Yet how ENSO will respond to a warming world is
uncertain and a greatly debated topic. The Intergovernmental Panel on Climate Change
Fourth Assessment Report (IPCC AR4) reports on modeling efforts using coupled
atmospheric and oceanic general circulation models (AOGCMs) to diagnose the response
of ENSO in a warming world. The IPCC stresses the value of a multi-model approach so
that no one model is relied on too heavily and collections of models can be aggregated in
ensembles to evaluate the quality of the current state of climate models. A formal
evaluation of model ensembles used in the IPCC reports also fulfills a secondary goal of
determining whether climate models are collectively improving over time. Here we
present a new AOGCM, GENMOM, which combines the GENESIS atmospheric GCM
(Global ENvironmental and Ecological Simulation of Interactive Systems) and MOM
(Modular Ocean Model). GENMOM simulates a realistic present-day climate and ENSO
dynamics that are on par with the models used in IPCC AR4. The response of ENSO to
doubling atmospheric CO; from 355 ppmV to 710 ppmV and 1420 ppmV (hereafter
denoted 1x, 2x and 4x respectively) is evaluated using long (600 year) GENMOM
simulations. Higher amplitude and more frequent ENSO events are associated with

global warming.



1. Introduction

ENSO is a coupled ocean-atmosphere mode of variability that occurs in the
Pacific Ocean (Neelin et al., 1998). The phase of ENSO is identified by warm (EI Nifio)
or cold (La Nina) sea surface temperature (SST) anomalies along the equator and the sea
level pressure difference between Tahiti and Darwin, Australia (Horel and Wallace,
1981). An EI Nifio event is a disruption of the Walker Circulation, which is the east-west
atmospheric circulation system along the Tropical Pacific that strongly influences the
location of Pacific rainfall. The disruption occurs when the easterly trade winds relax
which reduces cold ocean upwelling along the coast of South America which in turn
results in a weakening of the normal east-west temperature gradient in the tropical
Pacific. Warm western surface waters and rainfall propagate eastward. The La Nifia
event is the opposite of El Nifio, whereby the easterly trade winds strengthens, which
enhances upwelling along the coast of South America resulting in a stronger east-west
surface temperature gradient (Neelin et al., 1998).

Neither the ocean nor the atmosphere trigger an ENSO event in isolation, they are
inherently linked (Trenberth, 1997; Neelin et al., 1998). Historical observations indicate
the frequency of ENSO is between 3 - 7 years. Warm and cold ENSO events can have
global teleconnections that are expressed as anomalies of temperature and precipitation.
Significant progress has been made over the past two decades in understanding the
mechanism of ENSO and related hydrological teleconnections (Giannini et al. 2001,
Ropelewski and Halpert, 1987). The long-term behavior of ENSO outside the historical
record and under radiative forcing associated with varying atmospheric composition and

large-scale boundary conditions (e.g., continental ice sheets) that occurred in the past



(Clement et al., 1999), and that might occur in the future (Collins, 2000a, Collins,
2000b), is of interest for extending our understanding of ENSO to interpret past and
future climatic change and variability. Modeling past and future ENSO characteristics is
best accomplished through the application of coupled atmospheric and oceanic general
circulation models and many related model studies have been published (eg, Otto-
Bliesner et al. 2003; Liu and Wu, 2000; Timmermann et al., 1999; Merryfield, 2006).

Here we present a new AOGCM, GENMON, that combines GENESIS (Global
ENvironmental and Ecological Simulation of Interactive Systems) and MOM (Modular
Ocean Model) general circulation models. Both models have been used widely in climate
studies that demonstrate their overall ability to produce climate simulations that are in
agreement both with observations and with similar models. Our current version of
GENMOM uses T31 (~3.75° x 3.75° latitude and longitude) horizontal resolution for
both the atmosphere and ocean to balance computational requirements with the ability to
simulate features of the general circulation. The model is also used to derive time-
varying 6-hour histories of atmospheric SST fields that are used to drive our high-
resolution regional climate model over regions of interest (eg, Hostetler and Giorgi, 1995;
Hostetler et al., 2000).

We apply GENMOM to explore the multi-century ENSO response to present,
doubled and quadrupled atmospheric CO; levels (1x, 2x and 4x, respectively). We first
compare the simulation of present-day climatology with observations and with other
AOGCMs used in the IPCC AR4. We then compare the GENMOM ENSO response
with other IPCC models and present a detailed analysis of the characteristics of long-term

ENSO response of GENMOM to atmospheric CO, forcing.



2. GENMOM description

a. GENESIS description

GENESIS has been developed with emphasis on terrestrial physical and
biophysical processes, and suitability for paleoclimatic experiments. Earlier versions of
GENESIS are described by Thompson and Pollard (1995; 1997) and Pollard and
Thompson (1994, 1995, 1997), and have been applied and tested in a wide range of
modern and paleoclimate applications (e.g., Bice et al., 2006; Beckmann et al., 2005;
DeConto et al., 2006, 2008; Horton et al., 2007; Hostetler et al., 2006; Joussaume et al.,
1999 Miller et al., 2005; Pinot et al, 1999; Poulsen et al., 2006, 2007; Ruddiman et al.,
2005).

The nominal AGCM resolution is spectral T31 (3.75° x 3.75°) with 18 vertical
levels. Spectral transform dynamics are used for mass, heat and momentum (Williamson
et al., 1987). A semi-Lagrangian transport in grid space is used for water vapor
(Williamson and Rasch, 1989). Convection in the free atmosphere and in the planetary
boundary layer is treated using an explicit sub-grid buoyant plume model similar to, but
simpler than, Kreitzberg and Perkey (1976) and Anthes (1977, section 4). Stratus,
convective and anvil cirrus clouds are predicted using prognostic 3-D water cloud
amounts, (Smith, 1990; Senior and Mitchell, 1993) and clouds are advected by semi-
Lagrangian transport and mixed vertically by convective plumes and background
diffusion.

A land-surface transfer model (Land Surface eXchange) accounts for the physical
effects of vegetation (Pollard and Thompson, 1995). Up to two vegetation layers (trees

and grass) can be specified at each grid point, and the radiative and turbulent fluxes



through these layers to the soil or snow surface are calculated. A six-layer soil model
extends from the surface to 4.25 m depth, with layer thicknesses increasing from 5 cm at
the top to 2.5 m at the bottom. Physical processes in the vertical soil column include heat
diffusion, liquid water transport (Clapp and Hornberger, 1978; Dickinson, 1984), surface
runoff and bottom drainage, uptake of liquid water by plant roots for transpiration, and
the freezing and thawing of soil ice. A three-layer snow model, which includes fractional
area cover when the snow is thin, is used for snow cover on soil, ice-sheet and sea-ice
surfaces. A three-layer sea-ice model accounts for local melting, freezing, fractional ice
cover (Semtner, 1976; Harvey, 1988), and includes sea-ice dynamics associated with
wind and ocean current using the cavitating-fluid model of Flato and Hibler (1992).
Version 3 of GENESIS (Zhou et al., 2008; Kump and Pollard, 2008) incorporates the
NCAR CCM3 radiation code (Kiehl et al., 1998) and the ocean is represented by the
MOM2 ocean general circulation model (Pacanowski, 1996).
b. MOM? description

MOM2 was developed by the Geophysical Fluid Dynamics Laboratory (GFDL)
circa the early 1990s, but builds off previous work that stretches back to 1969
(Pacanowski, 1996). MOM2 is a finite difference implementation of the primitive
equations of ocean circulation using the Navier-Stokes equations with the Boussinesq,
hydrostatic, and rigid lid approximations (Bryan, 1969). The Boussinesq approximation
assumes constant density with depth as opposed to density varying as a function of depth,
which greatly reduces computational complexity. The hydrostatic approximation
assumes that vertical pressure gradients are due only to density. A nonlinear equation of

state couples temperature and salinity to fluid velocity. An insulating boundary is used



such that no temperature or salinity flux is exchanged between ocean and land cells.
Unlike the sigma levels used for atmospheric altitude in GENESIS, MOM uses a fixed z-
axis for depth, which simplifies the equations used in the finite difference techniques.
The version of MOM?2 used here also has the ability to use oxygen isotopes as a tracer,
which was not used in this study.
c. GENMOM coupling

To simplify the coupling between the atmosphere and ocean, both the GCMs are
implemented on essentially the same T31 grid. In the OGCM, the latitudinal grid spacing
is not exactly T31, but is adjusted with a cosine-stretching factor (Pacanowski, 1996) to
closely approximate T31. GENESIS and MOM2 interact in an essentially synchronous
manner: 6-hr averages of the fluxes of heat, water, and momentum are passed to the
OGCM from the AGCM and the resulting updated SSTs are averaged over 6 hours and
passed back to the AGCM. Sea-ice is treated by the AGCM (LSX) and sea-ice related
fluxes are passed to the OGCM between the sea-ice base and the uppermost ocean layer.

Continental freshwater river runoff is globally averaged and spread over the world ocean.
3. Simulation of the present climate

In this section we analyze the annual and seasonal climatology for a 30-year
period (model years 970 — 999), which are sampled from the last 600 years of the
present-day simulation. We select this period because it is the last 30 years of the
simulation and is fully equilibrated. Where possible, we compare the GENMOM results
to ensembles of the AOGCMS used in the IPCC AR4 (Randall et al., 2007). Similarly,
we use the last 30 years of the Climate of the 20" Century experiment from eight select

IPCC AR4 models (Table 1) to provide context for evaluating the performance of



GENMOM. For the present-day GENMOM simulation, atmospheric CO; concentration
is prescribed at 355 ppmV. The model was initialized with a latitudinal dependent
temperature profile while salinity is uniformly prescribed at 35 ppt. We then integrated
GENMOM continuously for 1000 years. Analysis of ocean temperatures indicates that
spin up of the model was essentially achieved after 400 years.
a. Validation datasets and input files

In contrast to the [IPCC AR4 wherein a variety of observed datasets are used to
evaluate model performance, whenever possible we rely solely on the NOAA NCEP
Reanalysis 2 data set (NCEP2, Kanamitsu, et al., 2002) to maintain consistency among
variable fields. NCEP2 is a data assimilation and synthesis product that incorporates a
massive array of in situ and satellite based observations. The observed data are
synthesized together in the reanalysis global model (Kalnay et al., 1996), which provides
a large, consistent, and interrelated set of atmospheric fields such as temperature,
pressure, and wind velocity. In addition to synthesizing observed datasets, the NCEP
model provides simulated estimates for fields that are not well observed, such as soil
moisture. Because the reanalysis relies on a climate model, NCEP is not a perfect
representation of the real world and numerous studies have quantified uncertainties in
NCEP data (Trenberth and Guillemot, 1998, Trenberth et al., 2001, Smith et al., 2004).
We use a standard climatology period of 1981-2005 for the NCEP data unless otherwise
specified.

Observed SST data are from the NOAA Optimum Interpolation Sea Surface
Temperature V2 (OI SST, Reynolds, et al., 2002), which is a 1° x 1° gridded dataset

derived from in situ and satellite data. We use a climatology period of 1982-2005 for OI



SST, where 1982 is the first full year the data are available. Global subsurface ocean
temperatures are obtained from The World Ocean Atlas 2005 (WOAOS, Locarnini et al.,
2006), which is 1° x 1° gridded dataset for ocean temperature at specific depths. The
data are acquired by bottle samples, Mechanical Bathythermograph (MBT), ship-
deployed Conductivity-Temperature-Depth (CTD) package, Digital Bathythermograph
(DBT), Expendable Bathythermograph (XBT), profiling float, moored and drifting
buoys, gliders, and undulating oceanographic recorder (UOR).

GENMOM input files for topography, bathymetry and the land-ocean distribution
mask are derived by interpolating the ICE-4G model (Peltier, 2002) reconstruction from
1°x 1° to T31 resolution. To maintain numerical stability in MOM2 we smooth the
bathymetry field derived from ICE-4G with a 9-cell moving window average. Modern
values for the distribution of vegetation, soil texture and freshwater lakes are prescribed.
The use of ICE-4G to derive global topography and bathymetry is based on our goal of

simplifying configuration of GENMOM for paleoclimate applications.



Table 1: Eight AOGCMs used in the IPCC AR4. T indicates the horizontal resolution
using spectral truncation. L indicates the number of levels used in the model.

Model Modeling Center, Country Atmosphere Resolution Oceal.l
Resolution
Canadian Centre for Climate T47 (~2.8°x 2.8°) L31 1.9°x 1.9°L29
CCC;VIIAT(623G M Modelling and Analysis, McFarlane et al., 1992; Pacanowski et al.,
’ Canada Flato, 2005 1993
Commonwealth Scientific and
Industrial Research o o 0.8°x 1.9°L31
CSIRO MK 3.0 | Organisation (CSIRO) éfj d((:nlegt a)li 12%0)2]“18 Gordon et al.,
Atmospheric Research, v 2002
Australia
U.S. Department of
Commerce/National Oceanic
and Atmospheric o o 0.3°-1.0°x 1.0°
GFDL CM 2.0 | Administration égD)IizGSAl\I/J[gtT 2004 Gnanadesikan et
(NOAA)/Geophysical Fluid ’ al., 2004
Dynamics Laboratory (GFDL),
USA
Center for Climate System
Research (University of 0.5°-1.4° x 1.4°
Tokyo), National Institute for T42 (~2.8°x 2.8°) L20 ' ’ ’
MIROC 3.2 ; ) L43
Environmental Studies, and K-1 Developers, 2004
medres . K-1 Developers,
Frontier Research Center for 2004
Global Change (JAMSTEC),
Japan
Meteorological Institute of the
University of Bonn,
Meteorological Research o o 0.5°-2.8°x 2.8°
MIUB ECHO-G | Institute of the Korea ;f)gc(lzse? etxaigl)9; 61 ? L20
Meteorological Administration " Wolff et al., 1997
(KMA), and Model and Data
Group, Germany/Korea
. T63 (~1.9°x 1.9°) L31 1.5°x 1.5° L40
MPI ECHAMS Max Planck Institute for Roeckner et al., 22)03 Marsland et al.,
Meteorology, Germany
2003
NCAR CCSM National Center for T85 (1.4°x 1.4°) L26 gﬁli;llaljleeLIﬁO
3.0 Atmospheric Research, USA Collins et al., 2004 2002 ’
Hadley Centre for Climate ~13°x1.9° 138 g'jo_l‘o x1.0
UKMO HadCM3 | Prediction and Research/Met ) )
Pope et al., 2000 Gordon et al.,
Office, UK 2000




b. Atmospheric fields

The gradient and distribution of the zonally averaged profile of air temperature
simulated by GENMOM agrees well with the NCEP2 profile (Fig. 1). GENMOM
simulates a cold bias above 30N in the Northern Hemisphere (NH) during both seasons.
The Southern Hemisphere (SH) has a cold bias above 60S during austral summer.
GENMOM simulates a noticeable cold bias in the uppermost atmosphere above the
wintertime pole. Seasonally, GENMOM simulates the meridional shift of peak insolation
and warmest surface temperatures well when compared to observations. However, the
tropical warm region is slightly more meridionally narrow than observed and the shape is
less convex.

In general, both pattern and magnitude of the annual planetary jet stream structure
and easterly winds are well simulated in both DJF and JJA (Fig. 2). In both winter
hemispheres the core of the jetstream (at ~200 hPa) and related upper level winds (500
hPa) are slightly enhanced relative to the NCEP2 data. These features are minor
mismatches and suggest that GENMOM produces a realistic mean planetary-scale wind
structure that is essential to related positions of the stormtracks.

Globally, GENMOM simulates the upper atmospheric flow and 500 hPa
geopotential height well (Figure 3). During boreal winter the ridge over Western North
America is shifted eastward in GENMOM and the associated trough to the east over
Northern Canada and the North Atlantic is similarly slightly displaced relative to that of
the NCEP data. The 500 hPa heights over North America and Eurasia are lower than
those of the NCEP data resulting in slightly reduced wind velocities, particularly over

eastern North America and the North Atlantic. In the SH, austral summer 500 hPa
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heights are well simulated but wind velocities associated with the westerlies are
somewhat reduced due to the lower pressure gradient over the southern ocean and
Antarctica.

During boreal summer, the ridge over Western North America is correctly placed
in GENMOM, but the amplitude of the ridge is greater than observed and the related
downstream trough is slightly deeper than that of the NCEP data (Fig. 3). Heights in the
region extending east of the Mediterranean and across India and China appear modestly
lower than observed; however, part of the apparent discrepancy stems from values that
are just above or just below the color breaks in the plotting scales. In the SH, the
comparison for the austral winter is similar to that of the austral summer presented above.

Winter and summer sea level pressure (SLP) is well captured by GENMOM (Fig.
3). As is the case in the upper atmosphere, during boreal winter GENMOM simulates
lower SLP in the Aleutian and Icelandic lows. As a result, wind velocities are enhanced
over North America. In the SH, surface pressure and winds are comparable with those of
the NCEP data except along Antarctica where SLP is higher and wind velocities are
lower due to the reduced pressure gradient.

Boreal summer simulation of SLP and wind velocities are quite good; the
subtropical highs in the NH are well placed and the associated wind velocities are
comparable to NCEP. SLP and wind velocities in the tropics and the SH are also well
simulated by GENMOM. The anomalously high pressure over the Southern Ocean does
not corroborate with a warm SST bias. During austral summer, the SH high-pressure
anticyclones are weaker than observed. The south Pacific high is poorly simulated and

does not produce anticyclonic flow, which leads to a weakened South Pacific Gyre.
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Westerly winds are simulated to be too weak in the Southern Ocean. GENMOM
simulates stronger than observed westerly winds across southern Europe, which is caused
by the overactive Icelandic low.

Atmospheric specific humidity simulated by GENMOM is in agreement with the
NCEP data (Fig. 6). A slight dry bias is evident over the tropics and a wet bias is evident
in the SH below 700 hPa which is associated with the warm bias in atmospheric
temperature caused by a warm Southern Ocean. A wet bias over the NH below 700 hPa
is not associated with a warm bias in atmospheric temperature; rather, it is caused by

weaker-than-observed convection from the surface to ~400 hPa between 70N — SON.
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a) NOAA NCEP Reanalysis 2 (DJF) b) NOAA NCEP Reanalysis 2 (JJA)
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Figure 1: Mean-annual zonal averaged atmospheric temperature profiles. a) Observed
DJF, b) Observed JJA, c) GENMOM DIJF, d) GENMOM JJA.
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a) NOAA NCEP Reanalysis 2 (DJF)

b) NOAA NCEP Reanalysis 2 (JJA)
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Figure 2: Winter (DJF) and summer (JJA) zonally averaged eastward wind velocity. a)
Observed DJF, b) Observed JJA, c) GENMOM DJF, d) GENMOM JJA.
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a) NOAA NCEP Reanalysis 2 Z500 (DJF) c) NOAA NCEP Reanalysis 2 Z500 (JJA)
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Figure 3: Mean sea level pressure (MSLP) and 500 hPa geopotential height (Z500) with
wind vectors.
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a) NOAA NCEP Reanalysis 2
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Figure 4: Mean-annual zonally averaged specific humidity profiles. a) Observed, b)
GENMOM, c) Anomalies.
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¢. Modeled surface temperature

The simulated global mean-annual 2 m air temperature is 278.1 K, in good
agreement with the NCEP2 value of 278.9 K. Over land the simulated temperature is 1.0
K colder than observations and over the oceans simulated temperature is 0.2 K warmer
than observations. GENMOM simulates the meridional temperature gradient well. A
warm bias is found over the Southern Ocean while a cold bias is simulated in the
Norwegian Sea and Greenland (Fig. 5 and 6). In general, major topographic features
resolved by the model such as the Rocky Mountains, the Andes and the Himalayas, have
regional temperatures that match well to observation.

The Southern Ocean warm bias may be caused by an overactive modeled
meridional heat transport that is stronger than actually exits, or weaker than observed
westerly winds across the Southern Ocean (not shown), or both. The cold bias over the
Norwegian Sea is caused by too much simulated sea-ice. Because the cold water tongue
associated with the California Current is ~300 km wide, is not adequately resolved at
T31, and leads to a warm bias along the Pacific coast of North America. The subgrid
extent of the northward branch of the South Pacific Gyre also is not well resolved,
resulting in weaker-than-observed cold water Humboldt Current along the western coast
of South America. The weakened circulation results in a warm SST bias off the coast of
Chile as well as westerly winds which are ~5 m sec”' weaker than observations of ~7 m
sec”! (not shown).

We note that the high latitude temperature anomalies (Fig. 6) are partially
attributed to a mismatch between the ICE-4G derived land mask and that of NOAA OI

SST V2 interpolated to T31. Where a mismatch occurs, large anomalies are created due
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to comparing a SST grid cell to a 2 m air temperature grid cell. In future applications of
GENMOM, care should be taken to minimize such grid cell mismatches by ensuring that
the model land-ocean distribution matches that of NOAA OI SST when the ICE-4G
dataset is interpolated to T31.

The GENMOM simulation has many features in common with the IPCC models,
including: 1) cold bias over northern Europe, 2) a warm SST bias in the waters west of
South America, 3) a warm bias in the Southern Ocean and 4) cold biases over the
Himalayas and Greenland (Fig. 6). In contrast to many of the IPCC AR4 models,
GENMOM simulates the annual surface temperature over much of Antarctica with
anomalies <2°C. Other IPCC A4 models such as CSIRO MK 3.0, MIUB ECHO-G and
UKMO HadCM3 all simulate the majority of the Antarctic landmass with a 5+°C cold
bias.

GENMOM overestimates the seasonal cycle in Greenland, South America,
southeast United States and Australia while underestimating in Northern Africa, western
United States and much of Europe and Asia (Fig. 7). The model also simulates greater
variability over some of the oceans, particularly in the mid latitudes. GENMOM not only
simulates a warm bias in the Southern Ocean, but also a more seasonally variable than
observed Southern Ocean. Similar to Figure 6, grid cells where the land-ocean

distribution does not match have large seasonal cycle amplitude anomalies.
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Figure 5: Observed and simulated surface temperature from GENMOM and 8 AOGCMs included in IPCC
AR4. Observed data are from NOAA NCEP Reanalysis 2 (over land) and NOAA OI SST (over sea).
GENMOM 2 m air temperature and SST are for model years 970-999 of the control equilibrium simulation.
AIl TPCC AR4 models are averaged over the last 30 years of the Climate of the 20th Century experiment.
All data are bi-linearly interpolated to a 5° x 5°grid.
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Figure 6: Anomalies between simulated and observed surface temperatures. Data are
described in Fig 1.
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Figure 7: Observed and modeled seasonal cycle amplitude of 2 m air temperature and
anomalies. The amplitude of the seasonal cycle calculated as the standard deviation of
the 12 climatological months.
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d. Precipitation

GENMOM simulates global mean-annual precipitation reasonably well relative to
both observations and the IPCC models (Figs. 8, 9). Similar to other AOGCMs,
GENMOM produces a split Intertropical Convergence Zone (ITCZ) in the tropical
Pacific. The ITCZ is located where the NH trade winds converge with those of the SH
resulting in upward motion in the atmosphere and deep convection, cloud formation and
precipitation. The ITCZ migrates seasonally north and south in response to the seasonal
cycle of maximum solar radiation in the tropics.

During DJF, the southern branch of the ITCZ simulated by GENMOM extends
too far to the east. In JJA, the northern branch of the ITCZ simulated by GENMOM is
compressed and extends too far to the north relative to observations. Lin (2007) found
that many IPCC AR4 models produce a double ITCZ which is caused by: 1) excessive
tropical precipitation, 2) very high sensitivity of modeled precipitation and surface air
humidity to SST, 3) a lack of sensitivity of cloud amount to precipitation, and 4) a lack of
sensitivity of stratus cloud formation to SST. GENMOM produces a cold SST bias in the
Pacific Basin along with a confined cold tongue, both of which Lin (2007) noted as
factors that result in a double ITCZ. Consistent with Lin (2007), GENMOM does not
produce a significant double ITCZ when coupled to a slab ocean due to weakened ocean—
atmosphere feedbacks. The double ITCZ problem can potentially be resolved by
improving these ocean-atmosphere feedbacks. Globally, GENMOM underestimates
seasonal DJF precipitation in the Indian Ocean and JJA precipitation over the southern

Asian landmass as well as an underestimate of equatorial Atlantic precipitation.
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The zonal annual mean profile of precipitation clearly illustrates the double ITCZ
in GENMOM (Fig. 10); the double peak in total precipitation is evident at 10N and 10S
rather than the observed single and stronger peak at 10N and ON. Outside of the tropics
however, the modeled precipitation compares well with observations and the selected
IPCC AR4. The split in ITCZ precipitation notwithstanding, the overall precipitation
field produced by GENMOM is a significant improvement over previous versions of
GENESIS, which consistently over predicted precipitation due to simplified ocean heat

transport forced with an observed ocean circulation.
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Figure 8: Observed and simulated annual total precipitation from GENMOM and 8
AOGCMs included in IPCC AR4. All data are bi-linearly interpolated to a 5° x 5°grid.
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Figure 9: Anomalies between simulated annual total precipitation and observations.
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Figure 10: Annual zonal total precipitation for observations (black), GENMOM (red) and
8 IPCC AR4 models (gray).
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e. Oceanic fields

In general, the surface and subsurface model ocean temperatures compare well to
observations, the pattern and magnitude of the simulated temperature profile matches
observations well. Exceptions include a cold bias at the surface and a warm bias in the
mid-depths in the tropics (Fig. 11). A warm bias in the near-surface of the Southern
Ocean is consistent with the surface temperature anomalies shown in Figure 6. The
Southern Ocean warm bias may be caused by a large warm bias in the ocean mid-layers
in the tropics. The warm bias in the tropical ocean mid-layers may be due to GENMOM
failing to adequately simulate ocean circulation patterns that match observation or
exhibiting a weaker-than-observed ocean heat transport.

GENMOM simulates winter sea-ice extent and concentration well in both
hemispheres for both DJF and JJA (Fig. 12). Sea-ice extends too far into the Norwegian
Sea during both winter and summer and too far into Hudson Bay during winter.
Antarctica shows deficient sea-ice during summer, which is when the warm temperature
bias in the Southern Ocean is at its strongest. Antarctic winter sea-ice extent matches that

of the observations surprisingly well despite the Southern Ocean warm bias.
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Figure 11: Mean-annual zonally averaged ocean temperature profile. a) Observed, b)
GENMOM, ¢) GENMOM minus observed.
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Figure 12: Fractional sea-ice extent. HadISST v1.1 15% observed contour plotted in red.
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4. Simulation of ENSO

Numerous ENSO inter comparison projects have been performed with AOGCMs
that find coupled GCMs ability to simulate ENSO is improving yet there are many areas
that would benefit from further improvements. In most cases the models do not
accurately capture the ocean-atmosphere dynamics of ENSO when compared to the
observed record. AchutaRao and Sperber (2002, herein referred to as AS02) compared
simulations from the 17 models that were used in Coupled Model Intercomparison
Project (CMIP). AchutaRao and Sperber (2006, herein referred to as AS06) published a
follow-up paper to assess whether the models used in [IPCC AR4 performed better than
the prior generation of CMIP models evaluated in AS02. In this section we seek to apply
the techniques used in AS02 and AS06 to the simulation of ENSO using GENMOM.

a. Validation datasets

To evaluate ENSO in GENMOM, we use NOAA NCEP Reanalysis 1 (NCEP1,
Kalnay et al., 1996) as opposed to NCEP2, which is significantly shorter in length. The
NCEP1 data spans 1948 — 2007 providing a relatively long ENSO record. Because
NCEP1 relies on a global reanalysis model, the Hadley Ice and Sea Surface Temperature
v1.1 (HadISST) dataset is used in conjunction with the NCEP1 data to provide observed
SSTs. Unlike AS02 and AS06, which uses the HadISST data for 1871 - 1999, we restrict
the HadISST dataset to the time period of NCEP1 (1948 - 2007).

Here we compare a subset period of 60 years from the 600-year GENMOM
simulation to the observed records (model years 640-699). The 60-year period was
chosen by dividing the 600-year record into 10 non-overlapping intervals and calculating

the standard deviation of the Nifio 3 index for each period. We then selected the 60-year
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period that had a Nifio 3 index standard deviation closest to that of HadISST (see section
4d. for Nifio index definition). Eight selected IPCC AR4 models are included for
context. The time period analyzed for each of these comparison models is the last 60
years of the Climate of the 20" Century experiment.
b. Simulated tropical Pacific

In general, much of the equatorial tropical Pacific Ocean in GENMOM has a cold
bias of ~2°C. Warm water anomalies, caused by a weakened South Pacific Gyre, are
indicated west of South America. Figure 13 shows Hovmoller plots of the seasonal
evolution of SST over the tropical Pacific for both observed and model simulated. On a
seasonal basis, the simulated evolution of SST from GENMOM has similar
characteristics to the IPCC AR4 models shown. Few of the [PCC AR4 models shown
produce the observed range of temperatures and only GENMOM has a noticeable semi-
annual cycle. GENMOM produces the warm winter anomalies further east than the

observations, which causes a stronger than observed variability in the western Pacific.
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Figure 13: Evolution of the seasonal cycle of surface air temperature (2 m) for the Pacific
basin for observations, GENMOM and 8 [IPCC AR4 models. The seasonal temperature
cycle per grid cell between 5N and 58 is calculated as the monthly deviation from the
annual average.
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c. ENSO regions of variability

The established regions in the tropical Pacific that are used to evaluate ENSO are:
Nifio 3 (5°N —5°S, 150°W — 90°W), Nifio 3.4 (5°N — 5°S, 170°W — 120°W) and Nifio 4
(5°N —5°S, 160°E — 150°W). The Niio indices are used as a metric of ENSO variability.
The standard deviation of 2 m air temperature for GENMOM (full 600 years),
observations (HadISST is shown as SST) and all IPCC AR4 models for these respective
regions are shown in Figure 14. There is substantial spread among the [IPCC AR4
models, with many models either over or under predicting the variability in the Nifo 3
region. GENMOM over predicts temperature variability in the western Nifio 4 and Nifio
3.4 regions and under predicts in the eastern Nifio 3 region. Similar to many other non
flux-corrected models, GENMOM incorrectly produces peak variability in the Nifio 3.4
region rather than the correct Nifio 3 region. Although the region of peak variability is
incorrectly simulated, the overall magnitude of variability is well simulated. The
GENMOM simulated air temperature standard deviation in the Nifio 3 region falls

between NCEP1 and HadISST.
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Figure 14: Standard deviations of surface air temperature (2 m) for observed, IPCC AR4
models and GENMOM for the Nifio regions. GENMOM (green), HadISST (yellow), and
NCEPI (red). HadISST is shown as SST rather than 2 m air temperature. IPCC model
results are provided in Table 2 of AchutaRao and Sperber (2006).
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d. ENSO time series

The ENSO index is calculated as monthly SST deviations from the climatological
monthly mean. The definition of an El Nifio (La Nifia) event is when the index remains
above (below) 0.5°C (-0.5°C) for six consecutive months using a five month smoothed
time series (Trenberth, 1997). The GENMOM SST time series (model years 640-699)
for the Nino 3 region displays irregular amplitudes that are generally lower in magnitude
than those of either the two observed datasets (Fig. 15). The attenuated amplitude is
consistent with the nature of the standard deviation values (Fig. 14). The Nifio 3 index is
well simulated in GENMOM, even at T31 resolution. The 600-year simulation of the
Nifio 3 index displays essentially symmetrical amplitude of warm and cold events, rather
than being skewed towards warm events as is the case in the observed record.

The spectra of the simulated Nifio 3 index computed by the Maximum Entropy
Method (MEM, AS02, AS06) displays a single peak at 6.1 years. In contrast, the NCEP1
and HadISST v1.1 time series display peak power at 3.9 and 4.3 years respectively (Fig.
16). The ENSO produced by GENMOM is less frequent than those for observed ENSO,
but the broad spectral peak is similar to the observations. (Broad spectral peaks indicate
that ENSO events are occurring at irregular intervals between 4 and 8 years.) Many of
the IPCC AR4 models produce ENSO events that are too frequent and too regular, which
are indicated by narrow peaks in the power spectra (AS06 Fig. 2a). Significant spectral
peak in the 2 - 7 year range is absent in most of the [IPCC AR4 models. A few of the
IPCC AR4 models do not produce enough variability in the Nifio 3 region with the
magnitude of the anomalies greater than = 0.5°C for six consecutive months, thereby

failing to meet the criterion for an ENSO event.
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Figure 15: Observed and simulated Nifio 3 indices.
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Figure 16: Observed and simulated Nifo 3 index MEM spectra. The SSA Toolkit
(Dettinger et al., 1995) was used to calculate power spectra via the Maximum Entropy
Method.
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e. Composites of ENSO events

ENSO composites are created by globally averaging all DJF periods wherein
ENSO events occur. During warm El Nifio events the warm tongue of SST in the
tropical Pacific and the realted global teleconnections expressed as temperature and
precipitation anomalies are generally well simulated (Fig. 17 and Fig. 18). The warm
tongue is too confined to the equator, which is similar to a few of the IPCC AR4 models.
The width of the GENMOM simulated warm tongue is similar to the observations. Some
models, such as CISRO MK 3.0, simulate a warm tongue that is too wide, while others,
such as MIUB ECHO-G, simulate a narrow warm tongue. The classic horseshoe-shaped
pattern of cold anomalies surrounding the warm tongue is well simulated in GENMOM.
The cold SST anomalies associated with the strengthening of the Aleutian Low during an
El Nifio are not well simulated in GENMOM, which is a common deficiency in the [PCC
AR4 models.

The cold La Nina events simulated by GENMOM have similar characteristics to
the warm events, such as a cold tongue with the correct width but that is too confined to
the equator. Similar to warm events, the subtropical high in the Pacific is strengthened
during cold events in the observed data, but this feature is not well captured by any of the
models. GENMOM has the unique feature of warming over parts of the northern pole
during cold events, which is not seen in the other [IPCC AR4 models. Figures 17 and 18
suggest that the models with the highest resolution do not necessarily produce the most
realistic ENSO pattern. ECHO-G has the lowest resolution, which is similar to

GENMOM, yet it arguably produces the best spatial pattern.
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During an El Niflo event, warm surface waters along the equator in the Pacific are
pushed east, which results in a corresponding eastward shift in rain pattern (Fig. 19). The
simulation of this eastward shift in GENMOM is too weak. GENMOM incorrectly
simulates drying in the Indian Ocean during DJF of El Nifio events. During La Nifa
events, GENMOM simulates similar spatial patterns in the tropics to the observations,
albeit with a stronger magnitude along the equator (Fig. 20). All of the models shown,
including GENMOM, fail to adequately capture the intensity of the observed mid-latitude
teleconnections associated with La Niia. GENMOM simulates increased rainfall across
both eastern and western coasts of North America during El Nifio events, along with
decreased precipitation across both coasts during La Nifia events. Although the pattern of
these teleconnections are correct, the magnitude of the North American precipitation
teleconnection is weaker-than-observed in the western coast.

The spatial pattern of ENSO teleconnections over North America is important for
further regional downscaling and deserves additional attention here. GENMOM
simulates the warm-cold dipole during El Nifo events over North America and Canada
well. Of the eight IPCC AR4 models shown here, only two adequately capture this
temperature dipole. During cold La Nifia events, the temperature dipole is reversed with
warm anomalies in the southeast United States and cold anomalies over Canada. Again,
GENMOM simulates this reversal well with the exception that Alaska has the opposite
anomaly sign. Of the eight models shown, only two correctly simulate the La Nifia

temperature dipole over North America.
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Figure 17: Surface air temperature (2 m) DJF El Nifio composite anomalies for observed,
8 IPCC AR4 models and GENMOM. Both GENMOM and IPCC AR4 models are
averaged over a 60-year period.
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Figure 18: Surface air temperature (2 m) DJF La Nifia composite anomalies for
observed, 8 IPCC AR4 models and GENMOM. Both GENMOM and IPCC AR4 models
are averaged over a 60-year period.
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Figure 19: Precipitation DJF El Nifio composite anomalies for observed, 8 IPCC AR4
models and GENMOM. Both GENMOM and IPCC AR4 models are averaged over a 60-
year period.
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Figure 20: Precipitation DJF La Nifia composite anomalies for observed, 8 [IPCC AR4
models and GENMOM. Both GENMOM and IPCC AR4 models are averaged over a 60-
year period.
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S. Changes in ENSO with global warming

In this section we detail the response of ENSO to present day, doubling (710
ppmV) and quadrupling (1420 ppmV) of atmospheric CO; (hereafter denoted 1x, 2x and
4x respectively). The three simulations are integrated for 1,000 years. The first 400
years are disregarded in this analysis. Other trace gases such as CH4 and N,O were not
altered from 1x values. The most dramatic warming occurs at the poles during winter
(Fig. 21), which is caused by a change in the ice-albedo feedback due to reduced sea-ice
distributions in the warming scenarios (not shown). All models simulate warming along
the equatorial Pacific, which potentially may affect ENSO. Generally, GENMOM has a
similar spatial distribution of sensitivity to CO, warming when compared to the [IPCC
AR4 models. GENMOM has a global equilibrium sensitivity of 2.3°C, which compares
well to the equilibrium sensitivity of 2.1°C - 4.4°C reported in the IPCC AR4 (Meehl et
al., 2007). However, GENMOM has a more moderate warming at the North Pole and
more intense warming at the South Pole than other models, which is due to differing
responses of sea-ice to warming in the models.

The Nifo 3 indices for all three simulations are shown in Figure 22; increased
variability with CO, levels is readily apparent. The standard deviation of 1x, 2x and 4x
are 0.78, 0.89, and 0.96 respectively, indicating that GENMOM simulates increasing
variability in the Nifio 3 region with global warming. Based on F-tests, the time series
are found to have statistically significantly different variance at the 95% confidence level
(0=10.05). MEM Spectral analysis of the time series (not shown) reveals periods of 5.3,
5.0 and 4.5 years for 1x, 2x, and 4x, indicating that GENMOM also simulates more

frequent ENSO events with increasing CO,-dependent global warming. Potential causes
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for the increased ENSO amplitude could be changes in the strength of the tropical
thermocline or the meridional extent of the zonal wind stress response to anomalous
equatorial SST (Merryfield, 2006). The leading proposed mechanism for a decreased
ENSO period with global warming is that the rate at which Kelvin and Rosby waves
propagate across the Pacific basin increases as the water temperature increases (Chelton
et al., 1998, Merryfield, 2006). Kelvin and Rosby waves are thought to be associated
with the triggering of ENSO events. If the waves propagate quicker across the Pacific
Basin, then the frequency of ENSO events would consequent increase.

An additional noteworthy feature of the Nifio 3 indices presented in Figure 22 is
presence of multi-decadal modulation of ENSO amplitude. Modulation of ENSO
amplitude can be identified in the time series as pulses of periods with high ENSO
variability followed by periods of low variability. Similar modulation can readily be seen
in model years 600 - 700 in the 2x time series. Wavelet and spectral analysis of this low
frequency component suggests that it does not appear to have a preferred frequency
because the spectra has very little power. Discussion on multi-decadal modulation of
ENSO amplitude can be found in Timmermann (2003), Yeh and Kirtman (2004), and Lin

(2007).
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Figure 21: AOGCM sensitivity to a doubling of CO, for 8 IPCC AR4 models and GENMOM. GENMOM
anomalies are calculated as the last 30 years of 2x equilibrium simulation minus the last 30 years of 1x
equilibrium simulation. IPCC anomalies are calculated as the 30 years surrounding double CO, in the
SRES A2 emission scenario minus the last 30 years of the Climate of the 20™ Century experiment.
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Figure 22: GENMOM simulated Nifio 3 index for 1x, 2x and 4x with El Nifio (red) and

La Nifia (blue) events highlighted.
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6. Concluding remarks

Here we have presented the first formal evaluation of the new AOGCM,
GENMOM, which is a non-flux corrected model comprised of GENESIS 3 atmospheric
model, MOM?2 ocean model and LSX. The main changes in GENESIS version 3 are (i)
solar and thermal infrared radiation are calculated using the NCAR CCM3 radiation
code, and (ii) the ocean is optionally represented by the MOM2 ocean general circulation
model. The spectral resolution of T31 for both atmosphere and ocean is used during this
evaluation.

The GENMOM present-day simulation is evaluated with comparisons with
NCEP2 and OI SST. The land mask, topography, bathymetry and ice sheet extent is
derived from the ICE-4G dataset. The global temperature is below observed, indicating a
small global cold bias (0.7°C); which has a warm bias over ocean (0.2°C) and a cold bias
over land (1.0°C). The annual surface temperature gradient and spatial distribution
compare well to both observations and to the IPCC AR4 models. Cold SST anomalies in
the Norwegian Sea are explained by excessive sea-ice in both winter and summer. One
noticeable feature in the surface temperature field is a warm bias in the Southern Ocean
with a larger than observed seasonal cycle. This is attributed to a mid-depth ocean warm
temperature bias in the tropics that then propagates to the surface in the Southern Ocean.
A warm bias in the ocean mid-layers may be due to a failure in ocean circulation or
weaker-than-observed ocean heat transport. GENMOM fails to resolve adequately the
South Pacific Gyre, which results in a warm SST bias in the eastern Pacific as well as a
failure to simulate the corresponding anticyclonic atmospheric circulation around the

gyre. Atmospheric fields such as the jet stream structure and major MSLP features are
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well simulated. Precipitation patterns are improved in comparison to previous versions
of GENESIS. GENESIS simulates a distinct double ITCZ when coupled with the
OGCM. Sea-ice is well simulated with the exceptions of excess sea-ice in the Norwegian
Sea and deficient sea-ice in Antarctica during summer. The evaluation performed here
has shown that GENMOM produces a realistic climatology that is comparable to the
models used in the [IPCC AR4. GENMOM shares similar deficiencies with other models
such as a double ITCZ, failure to resolve features due to resolution limitations (the
California and Humboldt Currents), and having a global cold bias.

GENMOM produces a realistic ENSO that is of similar quality to the eight [PCC
AR4 models evaluated here. The mean state of surface temperature is offset towards the
west and produces a semiannual seasonal cycle that is not seen in the select IPCC AR4
models evaluated here. However, the seasonal temperature range is well simulated and
close to the observed range. GENMOM incorrectly produces peak ENSO variability in
the Nifio 3.4 region as opposed to the correct Nifio 3 region. The GENMOM simulated
ENSO amplitude is bound between the NCEP1 and HadISST values. The simulated
ENSO period of 5.3 yr (model years 400-999) is longer than the observed 4.3 year period,
but still places GENMOM among the best of the IPCC AR4 models.

The spatial fingerprint of surface temperatures associated with ENSO events for
in GENMOM is both similar to the observations and comparable with the [IPCC AR4
models. The GENMOM simulated tropical Pacific precipitation patterns compare well to
observations at the tropics but are inadequate in mid-latitudes. GENMOM produces a
precipitation teleconnection to the Indian Ocean of the incorrect sign in both warm and

cold events. In the context of regional downscaling in North America, GENMOM
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simulates both temperature and precipitation ENSO teleconnections to North America
similar to observations, which is not captured by many of the IPCC AR4 models
evaluated here.

Long (600-year) CO; sensitivity experiments show that GENMOM simulates
more frequent and higher amplitude ENSO events with CO,-dependent global warming.
This result should be interpreted with caution as the IPCC AR4 indicates that models
show no consensus on how ENSO will respond to global warming. The IPCC AR4
models are divided between a more intense ENSO and a damped ENSO in response to
global warming. These issues stress the need for a multi-model approach in applying the
results of climate models to business and political decisions.

A next step in validating the findings here would be to perform equally long CO,
sensitivity experiments with other IPCC models. In many cases, the current IPCC 2x
CO, simulations are simply too short to allow statistical validation of potential changes in
ENSO with global warming. Moreover, models that exhibit a multi-decadal modulation
of ENSO amplitude require even longer simulations because it becomes difficult to
separate a CO, forced change in ENSO from the modulation. Many of the modeling
groups using more complex, higher resolution models included in the IPCC AR4 may
find it difficult to perform long simulations due to computational and time limitations.
Moreover, longer perpetual CO, simulations are not a priority in the IPCC assessment
roadmap, as transient CO, simulations are more realistic of possible future emission

scenarios.
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