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This thesis presents the results of a formal evaluation of a new AOGCM,
GENMOM, demonstrating its ability to simulate present-day climate and ENSO
dynamics. The model is applied to simulate climate for the Last Glacial Maximum,
deglacial, and Holocene time periods. The model output is evaluated against the best
available proxy reconstructions in a detailed data-model comparison. ENSO strength is
analyzed in seven paleo simulations and compared to coral and laminated lake sediment
proxy records to provide an understanding of how ENSO related mechanisms varied in
the past and how they vary under increased atmospheric CO, forced global warming.

The GENMOM simulated present-day is found to be on par with three models
used in the [PCC AR4 assessment and is comparable with reanalysis products (e.g,
NCEP2). Atmospheric features such as the jet stream structure and major semi-
permanent sea level pressure centers are well simulated as is the mean planetary-scale
wind structure that is needed to produce the correct position of stormtracks. Most ocean
surface currents are reproduced except where they are not resolvable at T31 resolution.
Overall, GENMOM captures the observed gradients and spatial distributions of annual

surface temperature and precipitation and the simulations are on par with other



AOGCMs. Deficiencies in the GENMOM present-day simulation include a warm bias in
the surface temperature over the southern oceans, a split in the ITCZ and weaker-than-
observed overturning circulation. GENMOM produces a global temperature bias of 0.6
°C. GENMOM is demonstrated to capture ENSO dynamics similar to eight AOGCMs
that were evaluated in the IPCC AR4. The Niilo 3 - 4 indices have a standard deviation
within 0.3 °C of the observations, indicating GENMOM is producing variability in the
tropical Pacifc that is comparable to observations. GENMOM produces present-day
ENSO events with an average period of 5.6 years, which is within the 2 — 7 range
exhibited in the observed historical record. The mid-Holocene (6ka) and Last Glacial
Maximum (LGM, 21ka) simulations are compared to the best available proxy
reconstructions for sea surface temperature, precipitation and net moisture to ensure the
simulations are plausible. This thesis finds that the model is in good agreement over
broad spatial scales, with regional discrepancies between the model and proxy data.
Coral and laminated lake sediment proxy records indicate mid-Holocene ENSO
strength was reduced by 15 - 60%, offering a scenario in which ENSO-related
components can be tested in climates different than present-day, thereby providing
context for future changes in ENSO. The mid-Holocene simulations exhibit a 20%
reduction of ENSO strength, caused by a precession forced enhancement of the Indian
summer monsoon, which strengthened ENSO-related Bjerknes feedbacks. ENSO
strength in the LGM is weakened by ~25%, which is not found to be caused by changes
in equatorial Pacific dynamics but rather mean state cooling that weakens the tropical
thermocline. The 2x and 4x simulations have strongly enhanced and more frequent

ENSO events caused by disproportionate warming of the eastern Pacific relative to the



western Pacific, which weakens the east-west Pacific surface temperature gradient,

allowing larger anomalies, and hence ENSO events, to develop.
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Simulating Past, Present, and Future Changes in ENSO: a Model Evaluation
and Data-model Comparison

Chapter 1: Introduction

1.1 Motivation

This thesis was largely motivated by an interest of how the El Nifio/Southern
Oscillation (ENSO) could possibly change in a warming world. The 1982-83 and 1997-
98 El Nifio events were the strongest in the historical record, leaving scientists asking if
ENSO is strengthening because of anthropogenic global warming (Fedorov and
Philander, 2000). Numerous modeling studies have used climate models to provide
insight into potential changes in ENSO, yet the state-of-the-art models do not reveal a
consensus for the response of ENSO to increasing atmospheric CO; (Guilyardi, 2006;
Merryfield, 2006). The models are divided; roughly half indicate a stronger ENSO while
the other half indicate a weaker ENSO in a warmer world, where only a few are
statistically significant. The introduction of a new model, GENMOM, provides an
opportunity to test if this particular model simulates a stronger or weaker ENSO in
response to increased atmospheric CO; scenarios. However, adding just one more model
to either category likely isn’t that useful. Following the approach of the upcoming Fifth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC ARS),
model simulations are performed for known past climates to judge if the model is capable
of simulating a climate significantly different than the present (Taylor et al., 2011). If
climate models are unable to capture known variations in past ENSO, how much can we

trust them to predict future changes in ENSO?



Evidence from corals (Tudhope et al. 2001; McGregor and Gagan, 2004) and lake
sediment cores (Rodbell et al., 1999; Moy et al., 2002) reveal a 15 — 60% reduction in
ENSO strength occurred during the mid-Holocene (~6,000 years ago). Changes in the
seasonal timing of solar radiation and trace gas concentrations are well known for the
mid-Holocene and are applied to climate models to simulate the past with the 15 — 60%
reduction in ENSO strength as a target. By simulating past ENSO, and understanding the
mechanisms driving observed changes, models help inform the interpretation of future
ENSO simulations and build confidence that the model is capable of simulating climate
different from the present.

The goal of this thesis is to simulate climate from the Last Glacial Maximum to
the present in order to analyze changes in ENSO strength, such that understanding the
mechanisms responsible for those changes inform our simulations of future ENSO
(Chapter 5). Since GENMOM is a new model, it must first be evaluated to ensure it
produces a reasonable modern climate (Chapter 2) and simulates ENSO with sufficient
fidelity (Chapter 3). Once the model is proven to produce an accurate modern climate, it
is then used to simulate past climates. Model output is compared to reconstructed proxy

data to ensure the simulated past climate is plausible (Chapter 4).

1.2 Publication status

As of writing, Chapter 2 has been published in Geoscientific Model Development,
while the other chapters are in preparation to be submitted to journals yet to be

determined.
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2.1 Abstract

We present a new, non-flux corrected AOGCM, GENMOM, that combines the
GENESIS version 3 atmospheric GCM (Global ENvironmental and Ecological
Simulation of Interactive Systems) and MOM2 (Modular Ocean Model version 2)
nominally at T31 resolution. We evaluate GENMOM by comparison with reanalysis
products (e.g, NCEP2) and three models used in the IPCC AR4 assessment. GENMOM
produces a global temperature bias of 0.6 °C. Atmospheric features such as the jet stream
structure and major semi-permanent sea level pressure centers are well simulated as is the
mean planetary-scale wind structure that is needed to produce the correct position of
stormtracks. Most ocean surface currents are reproduced except where they are not
resolvable at T31 resolution. Overall, GENMOM captures reasonably well the observed
gradients and spatial distributions of annual surface temperature and precipitation and the
simulations are on par with other AOGCMs. Deficiencies in the GENMOM simulations
include a warm bias in the surface temperature over the southern oceans, a split in the

ITCZ and weaker-than-observed overturning circulation.

2.2 Introduction

We present a new non-flux corrected coupled atmosphere-ocean general
circulation model (AOGCM), GENMOM, which combines GENESIS version 3 (Global
ENvironmental and Ecological Simulation of Interactive Systems) and MOM2 (Modular
Ocean Model version 2) 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. GENESIS version



1 was developed initially in 1989 at the National Center for Atmospheric Research
(NCAR) with a focus on linking terrestrial physical and biophysical processes with the
atmosphere to provide a model that could be applied to simulate paleoclimate and
possible future climates under global warming.

GENESIS version 1 was released in 1991 (Thompson and Pollard, 1995) and
included a land-surface transfer model (LSX) and an atmospheric general circulation
model derived from NCAR CCM1. GENESIS version 2 was released in 1995 and
included many improvements ranging from new prognostic cloud amounts, the use of
hybrid vertical coordinates, the inclusion of gravity wave drag, and additional
improvements in LSX (Thompson and Pollard, 1997; Pollard and Thompson, 1997).

GENESIS version 3 expands on version 2 by including the NCAR CCM3
radiation code. The ocean can optionally be represented by fixed sea surface
temperatures, a slab or mixed layer or by the MOM?2 ocean general circulation model.
MOM also has a long history of use and development also spanning back to the early
1990s and is used as the ocean component in many other AOGCMs (Pacanowski, 1996).
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 needed for long simulations with the ability to simulate important features
of the general circulation. A higher resolution version with 2° x 2° ocean and LSX with
T31 atmosphere is under development.

We evaluate a simulation of modern climate using observational and reanalysis
data and we compare GENMOM surface temperature and precipitation with three other

AOGCMs evaluated in the World Climate Research Programme (WCRP) Coupled Model



Intercomparison Project phase 3 (CMIP3, Meehl et al., 2007a), a multi-model dataset that
was subsequently used in the [IPCC AR4 (described in Table 2.1, Randall et al., 2007). A
full description of GENESIS and MOM2 as well as their coupling is provided in Section
2, atmospheric and oceanic results from a modern climate simulation are presented in

Section 3, and concluding remarks follow in Section 4.

2.3 GENMOM description

2.3.1 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 including the Paleoclimate Modeling
Intercomparison Project (e.g., Pollard et al., 1998; Joussaume et al., 1999; Pinot et al.,
1999; Beckmann et al., 2005; Miller et al., 2005; Ruddiman et al., 2005; Bice et al., 2006;
DeConto et al., 2006, 2008; Hostetler et al., 2006; Poulsen et al., 2006, 2007; Horton et
al., 2007).

The nominal GENESIS resolution is spectral T31 (3.75° x 3.75°) with 18 vertical
sigma coordinate levels, 4 of which are above the tropopause. 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



Table 2.1 Three 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 Ocean Resolution
U.S. Department of
Commerce/National Oceanic
and Atmospheric o o 0.3°-1.0°x 1.0°
GFDL CM 2.0 | Administration égD’iz('}il\%z;T 004 Gnanadesikan et
(NOAA)/Geophysical Fluid ’ al., 2004
Dynamics Laboratory (GFDL),
USA
. T63 (~1.9°x 1.9°) L31 1.5°x 1.5° L40
MPI ECHAMS Max Planck Institute for Roeckner et al., 2003 Marsland et al.,
Meteorology, Germany
2003
NCAR CCSM | National Center for T85 (1.4° x 1.4°) L26 gli i&: arj‘le;iO
3.0 Atmospheric Research, USA Collins et al., 2004 ’

2002




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.

The land-surface transfer model, LSX, 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 sea-ice cover
(Semtner, 1976; Harvey, 1988), and includes 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).

2.3.2 MOM?2 description
MOM2 was developed by the Geophysical Fluid Dynamics Laboratory (GFDL)
in the early 1990s, but builds off previous work that began back in 1969 (Pacanowski,

1996). MOM?2 is a finite difference implementation of the primitive equations of ocean
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circulation based on the Navier-Stokes equations with the Boussinesq, hydrostatic, and
rigid lid approximations (Bryan, 1969). The Boussinesq approximation invokes constant
density with depth, with the exception of terms that contain gravity, thereby reducing
computational complexity. The hydrostatic approximation assumes that vertical pressure
gradients are density driven. A nonlinear equation of state couples temperature and
salinity to fluid velocity. An insulated lateral 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 representation. Our version of
MOM?2 uses 20 unevenly spaced vertical levels that become progressively thicker with
depth, so that the uppermost ocean layers are well resolved. The topmost level is 25 m
thick, while the bottommost level is ~660 m thick. A horizontal resolution of 3.75° x
3.75° 1s used to match the atmospheric T31 resolution. The hybrid mixing scheme
isopycmix is used with a prescribed vertical viscosity coefficient of 0.1 cm”s™ and a
prescribed vertical diffusion coefficient of 0.35 cm®s. Although the Gent-McWilliams
mixing scheme (Gent and McWilliams, 1990) is available in MOM?2, it was not used in

this study.

2.3.3 GENMOM coupling

To simplify the coupling between the atmosphere and ocean, both the GCMs are
implemented on essentially the same T31 grid. In MOM2, the latitudinal grid spacing is
not exactly T31, but is adjusted with a cosine-stretching factor (Pacanowski, 1996) to
closely approximate T31. GENESIS has a 30-min timestep, and MOM?2 has a 6-h

timestep for scalar fields. The two models interact in an essentially synchronous manner,



11

communicating every 6 hours: 6-h averages of the surface fluxes of heat, water and
momentum are passed from GENESIS to MOM?2, and MOM?2 is run through one 6-h
scalar timestep and the updated SSTs are passed back to GENESIS and used to run it for
the next 6 hours. Sea ice is treated within the LSX module of GENESIS. Under sea ice,
fluxes between the base and the uppermost ocean layer are passed to MOM2. Continental
freshwater river runoff is globally averaged and spread over the world ocean. The T31
version of GENMOM simulates ~22 yr per calendar day on an 8-CPU Linux server.
GENMOM coupled to MOM?2 has previously been used by Zhou et al. (2008) to
investigate warm Cretaceous climates; however, their study focused mainly on

paleoclimates and water isotopic ratios, and not on modern climatology.

2.4 Simulation of the present-day climate

We analyze the annual and seasonal climatologies of the last 30 years of a 700-
year GENMOM simulation. Analysis of ocean temperature indicates that spin up of the
model was suitably achieved after 400 years. Over the last century of the simulation the
deep ocean (>1,000 m) warmed by ~0.002 °C/decade, the mid layers (200 m - 1,000 m)
warmed by ~0.003 °C/decade and the surface temperature was essentially free of drift.
We prescribed atmospheric CO, concentration at 355 ppmV, near the mean value for the
1981-2005 climatology period. GENMOM was initialized with a latitudinal-dependent
temperature profile and ocean salinity was uniformly prescribed at 35 ppt.

GENMOM input files for topography, bathymetry, and land-ocean mask were
derived by interpolating the ICE-4G model (Peltier, 2002) reconstruction from 1° x 1° to
T31 resolution. Ice-sheet cover and thickness is prescribed by interpolating the ICE-4G

model reconstruction to T31. To maintain numerical stability, over the northernmost
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Arctic Ocean cells in MOM?2 we smooth the bathymetry field derived from ICE-4G with
a 9-cell moving window. At T31 horizontal resolution the Bering Strait is closed. Modern
values for the distribution of vegetation (Dorman and Sellers, 1989), soil texture (Webb
et al., 1993) and freshwater lakes (Cogley, 1991) are prescribed. The use of ICE-4G
orography to derive global topography, bathymetry, and ice-sheet extent is based on our

goal of streamlining the configuration of GENMOM for paleoclimate applications.

2.4.1 Validation datasets and input files

To evaluate the GENMOM atmospheric fields we use the NOAA NCEP
Reanalysis 2 data set (NCEP2, Kanamitsu, et al., 2002) for the standard climatology
period of 1981 - 2005 unless otherwise specified. Although NCEP2 is comprised of
observed and derived data it provides an internally consistent dataset with which to
evaluate our model. SST data are derived from the NOAA Optimum Interpolation Sea
Surface Temperature V2 (OI SST, Reynolds, et al., 2002), which is a 1° x 1° gridded
dataset based on combining in situ measurements and satellite observations. We use a
climatology period of 1982-2005 for OI SST, because 1982 is the first full year for which
the data are available. Subsurface ocean temperatures were obtained from The World
Ocean Atlas 2005 (WOAOS5, Locarnini et al., 2006), which is also a 1° x 1° gridded
dataset of ocean temperature and salinity. We use the Hadley Ice and Sea Surface
Temperature v1.1 (HadISST, UK Meteorological Office, 2006) for observed sea-ice
extent data and to evaluate ocean surface currents and overturning, we use the German
partner of the Estimating the Circulation and Climate of the Ocean dataset (GECCO),
which is a 50-year (1950 — 2000) oceanography reanalysis (K6hl and Stammer, 2008,

NCEP1, Kalnay et al., 1996).
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2.4.2 Atmospheric fields

The zonally averaged profile of air temperature simulated by GENMOM is in
overall agreement with the NCEP2 profile (Fig. 2.1). Seasonally, GENMOM simulates
the meridional shift of peak insolation and warmest surface temperatures well although
the modeled tropical warm region is slightly more compressed meridionally than that of
the NCEP2 data. North of 30° N in both boreal winter and summer GENMOM produces
a cold bias relative to NECP2 from the surface extending up to the mid-troposphere. An
additional cold bias in the upper atmosphere is found over the polar region during boreal
winter. A cold bias south of 60° S is present during austral summer and in the upper
atmosphere during winter.

The summer and winter patterns and magnitudes of the annually averaged
planetary jet stream structure are well captured by GENMOM (Fig. 2.2). In both winter
hemispheres the core of the jetstream (at ~200 hPa) and related upper level winds (500
hPa) are slightly enhanced relative to those of the NCEP2 data. These minor mismatches
notwithstanding, the overall structure of the simulated jetstream suggests that GENMOM
produces a realistic mean planetary-scale wind structure that is essential to the related
positioning of the stormtracks.

GENMOM simulates the positions of the seasonally persistent planetary-scale
ridges and troughs and thus the resulting upper atmospheric flow and 500 hPa
geopotential heights (Fig. 2.3a-d). During boreal winter, the ridge over western North
America is shifted eastward in GENMOM relative to observations resulting in the
eastward displacement of the associated trough over northern Canada and the North

Atlantic and slightly more zonal flow than that of the NCEP2 data (Fig. 2.3b). The 500
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Figure 2.1 Mean-annual zonal averaged atmospheric temperature profiles. a) Observed
(NCEP2, 1981 — 2005) December, January, February (DJF), b) Observed June, July, and
August (JJA), c) GENMOM DIJF, d) GENMOM JJA.
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Figure 2.2 Winter (DJF) and summer (JJA) zonally averaged eastward wind velocity. a)
Observed (NCEP2, 1981 —2005) DJF, b) Observed JJA, c) GENMOM DIJF, d)
GENMOM JJA.
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Figure 2.3 500 hPa geopotential height (Z500, a-d) and mean sea level pressure (MSLP,
e-h) with wind vectors for both winter (DJF) and summer (JJA).
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hPa heights over North America and Eurasia are lower than those of the NCEP2 data
resulting in reduced wind velocities, particularly over eastern North America and the
North Atlantic. In the southern hemisphere (SH), austral summer 500 hPa heights are
well simulated but wind velocities associated with the westerlies are somewhat weaker
than NCEP2 due to the lower pressure gradient over the Southern Ocean and Antarctica
and the lack of actual topographic forcing due to the resolution of the model.

During boreal summer, the ridge over western North America is correctly placed
in GENMOM, but the amplitude of the ridge and the related downstream trough is
greater than that of the NCEP2 data (Fig. 2.3¢). 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.

The observed spatial pattern of the semi-permanent sea level pressure (MSLP)
cells is captured by GENMOM with some regional differences (Fig. 2.3e-h). During
boreal winter GENMOM simulates lower-than-observed MSLP in the Aleutian and
Icelandic lows. As a result, surface wind velocities are enhanced around the pressure
centers and over North America. Stronger-than-observed westerly winds across southern
Europe are simulated by GENMOM as a result of the enhanced Icelandic low and the
cold temperature bias in the Norwegian Sea. In the SH (austral summer), surface pressure
and winds are comparable with those of the NCEP2 but GENMOM simulates a weaker-
than-observed subtropical high and associated anticyclonic wind flow over the eastern
Pacific off the coast of South America (Fig. 3e,f). This deficiency in turn affects the

magnitude of the northward wind along the coast and the strength of convergence and
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westerly trade winds in the ITCZ. Over the southern ocean, the simulated gradient of
MSLP is weaker and more diffuse than that of NCEP2 resulting in lower surface wind
velocity, which affects the location and strength of circulation around Antarctica.

The boreal summer MSLP pressure patterns and wind velocities in both
hemispheres are well captured by GENMOM (Fig. 3g,h). The northern hemisphere (NH)
subtropical highs are well placed, but slightly weaker than NCEP2; the associated wind
velocities are similar to those of NCEP2. MSLP and wind velocities in the tropics and the
SH (austral winter) are also well simulated by GENMOM; however, as is the case with
DIJF, the JJA high-pressure anticyclones are somewhat weaker than observed. Again, the
associated anticyclonic flow around the subtropical highs is too weak which contributes
to a weakened South Pacific Gyre. The SH westerly winds are simulated to be too weak,

presumably due to coarse resolution topography, which will influence ocean overturning.

2.4.3 Surface temperature

The simulated global mean-annual 2 m air temperature is 278.3 K, in good
agreement with the NCEP2 value of 278.9 K. Over land, the simulated temperature is 1.3
K colder than observed and over the oceans simulated temperature is 0.6 K warmer than
observed. GENMOM captures the observed meridional temperature and temperatures
over topographic features resolved by the model such as the Rocky Mountains, the Andes
and the Himalayas, have regional temperatures that compare well with observations (Fig.
2.4b). The temperature bias over land and much of the ocean is similar in magnitude to
other AOGCMs (Fig. 2.4c-d).

The cold bias over the Norwegian Sea reflects too much simulated sea-ice

resulting from insufficient meridional overturning. Warm biases are found over Southern
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Figure 2.4 Annual surface temperature (a) with model anomalies (b-¢) and annual total
precipitation (f) with model anomalies (g-j) from GENMOM and three AOGCMs
included in the 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
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model years 670-699 of the control equilibrium simulation. The three IPCC AR4 models
are averaged over the last 30 years (1970 — 1999) of the Climate of the 20th Century
experiment. All data are bi-linearly interpolated to a 5° x 5°grid. Anomalies are
calculated as simulation — observation.



20

Ocean and in the upwelling region off the western coast of South America (Fig. 2.4a).
The Southern Ocean bias is attributed primarily to weaker-than-observed sea level
pressure gradient and attendant reduced westerly wind strength (Fig. 2.3) which results in
weakened ocean overturning in the Ocean. The warm bias off the coast of South America
1s in part attributed to weaker shore-parallel winds associated with the reduced subtopical
high (Fig. 2.3) and to the lack of resolution of finer scale currents in MOM. Lack of a
California Current (~300 km wide) is similarly attributed to the T31 resolution of the
models. Further discussion of the oceanic circulation is given in Section 3.5.

GENMOM captures the global patterns of the seasonal cycle of temperature but
overestimates the amplitude over Greenland, South America, southeast United States and
Australia and underestimates the amplitude over northern Africa, the western United
States and much of Europe and Asia (Fig. 2.5). The model also simulates greater

variability over some of the oceans, particularly in the mid latitudes.

2.4.4 Precipitation

GENMOM simulates global mean-annual precipitation reasonably well relative to
the reanalysis data (Figs. 2.4g and 2.6). Notable exceptions are dry biases over Southeast
Asia and South America. GENMOM also produces a double Intertropical Convergence
Zone (ITCZ) in the tropical Pacific, which is characterized by displacement of
precipitation maxima off the equator (Lin, 2007). The dry biases and the double ITCZ are
common to other AOGCMs (Fig. 2.4h-j).

During DJF, the southern branch of the ITCZ simulated by GENMOM extends
too far to the east, whereas during JJA, the northern branch of the ITCZ is compressed

and extends too far to the north relative to observations. Lin (2007) attributes the double
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Figure 2.5 Observed and modeled seasonal cycle amplitude of surface temperature and
anomalies. The amplitude of the seasonal cycle is calculated as the standard deviation of
the 12 climatological months.
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years (1970 — 1999) of the Climate of the 20th Century experiment.
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ITCZ to: 1) excessive tropical precipitation, 2) 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) note as factors that result in a double ITCZ. Consistent with Lin (2007),
GENMOM does not produce a double ITCZ when coupled to a slab ocean. The split
ITCZ problem can potentially be resolved by improving resolution of tropical ocean-

atmosphere feedbacks.

2.4.5 Oceanic fields

The global surface and subsurface patterns of ocean potential temperatures
simulated by GENMOM are consistent with the WOAOS data (Fig. 2.7); however,
anomalies reveal biases exceeding 2 °C (Fig. 2.7a), similar to other AOGCMs (Randall et
al., 2007, Supplementary Materials, Pages 60-61). The warm bias in the near-surface of
the Southern Ocean is consistent with the surface temperature anomalies shown in Fig.
2.4b. The Southern Ocean warm bias is attributed to weak ocean overturning and,
perhaps, indicates the need for incorporating the Gent-McWilliams mixing scheme (Gent
and McWilliams, 1990). The warm bias in the tropical ocean mid-depths is attributed to
weakened simulated upwelling and the use of a relatively high vertical diffusion
coefficient (0.35 cm?s™) that is prescribed to maintain reasonable ocean overturning; too
much heat is diffused from the surface to the mid-depths.

GENMOM captures the zonal distributions of salinity with depth both between
and within the Atlantic and Indian + Pacific basins (Fig. 2.8). Salinity in the Indian +

Pacific Oceans matches well to observations with much of the zonal bias being less than
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Figure 2.7 Mean-annual zonally averaged ocean potential temperature profile. a)
Observed (WOAO05), b) GENMOM, ¢) Anomalies, calculated as GENMOM - observed.
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+0.2 PSS. Relative to the WOAOS data, in the Atlantic, GENMOM simulates lower
salinity waters at high latitudes and higher salinity waters in the northern mid latitudes;
the maximum centered on 30° N exceeds observations and the maximum at 30° S
underestimates observations. A 1+ PSS salinity bias in the northern mid latitudes between
400 — 1,000 m is attributed to a build up of salinity in the Gulf of Mexico caused by
weaker-than-observed circulation associated with the coarse resolution of ocean
orography. Similarly, the low salinity bias north of 60° N is associated with reduced
northward penetration of the North Atlantic Drift into the Arctic, again due to the coarse
resolution of ocean orography, and weaker-than-observed Atlantic Meridional
Overturning Circulation (AMOC). Similar to ocean temperature, the GENMOM salinity
anomalies are comparable with those of other AOGCMs (Randall et al., 2007,
Supplementary Materials, Pages 66-68).

We compare simulated global and basin ocean overturning for the full 300-year
GENMOM with observations (Fig. 2.9). The last 30 years of the simulation coincidently
displayed one of the weakest periods of overturning in the 300-yr simulation, so we use
the full 300-year record as more representative because higher frequency (decadal)
variability is smoothed out in the average. Globally, GENMOM produces overturning
that is similar in pattern to that of the GECCO data. The most notable shortcoming in the
GENMOM simulation is that the strength and depth of the Deacon Cell, which is
characterized as deep clockwise meridional circulation in the Southern Ocean driven by
windstress, are poorly captured. Wind velocities across the Southern Ocean are weaker-
than-observed (Fig. 2.3) thereby failing to produce sufficient windstress to drive deep

overturning (Toggweiler and Samuels, 1995; Sijp and England, 2009). The weak westerly
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Figure 2.8 Mean-annual zonally averaged ocean salinity profile for both observed
(WOAUO0S5) and simulated (GENMOM) for the Atlantic Ocean (left), Indian and Pacific
Oceans (right), and anomalies between observed and simulated.
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winds are likely due to the coarse meridional resolution (Held and Phillipps, 1993;
Tibaldi et al., 1990) and may also contribute to weak AMOC biases in non-flux corrected
models with coarse atmospheric resolution, as found in earlier studies (Bryan et al., 2006;
Schmittner et al., accepted). Failure to simulate the Deacon Cell also contributes to the
warm Southern Ocean temperature bias by limiting the addition of upwelled cold waters.

The simulated AMOC is somewhat weaker in strength than that of the GECCO
data. The maximum AMOC strength over the 300-year simulation is 14.5 = 0.9 Sv, which
is lower than the observed 16 - 18 Sv range. [The models used in the [PCC AR4
generally fall between 12 - 20 Sv (Meehl et al., 2007b; Schmittner et al., 2005).] The
combined Indian Ocean and Pacific Ocean overturning matches well with observations
with the exception that GENMOM simulates deeper-than-observed clockwise
overturning in the northern tropics, which may imply the vertical diffusion coefficient is
too high.

The major Atlantic surface currents are well simulated in GENMOM, with the
exception of the Gulf Stream, which is too weak (Fig. 2.10). The Antarctic Circumpolar
Current flowing through the Drake Passage is well resolved, as is the continuing flow to
the South Atlantic Current. In the Pacific, the equatorial currents are well simulated, but
the North Equatorial Counter Current is not present and the North Equatorial Current is
weaker than that of the observations. The Kuroshio Current is well placed but slightly
weaker than that of the observations. The California Current is absent from the
GENMOM simulated surface currents. Both the Humboldt Current and Antarctic
Circumpolar Current are weaker than observed. The strength of the Antarctic

Circumpolar Current through the Drake Passage is ~35% weaker than the 119 Sv
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Figure 2.10 Annual global surface currents for both observations (GECCO) and
GENMOM simulated.



30

estimated from the GECCO reanalysis. In the Indian Ocean, GENMOM simulates the
Indonesian Throughflow well. The Indonesian Throughflow is 12.7 £ 0.8 Sv, compared
to the observed estimates of 9.3 + 2.5 Sv (Gordon et al., 1999) and 13.2 + 1.8 Sv
(Lumpkin and Speer, 2007).

Surface currents in the northern Indian Ocean are modulated by the monsoon,
where currents flow westward during winter and eastward during summer. The annually
averaged surface currents in Fig. 2.10 show westward flow dominating in GENMOM
whereas eastward flow dominates in the observations. The reversal of the surface currents
is most noticeable in GENMOM during winter and spring.

GENMOM reproduces the observed NH winter and summer sea-ice extent and
concentration (Fig. 2.11). Sea ice extends too far into the Norwegian Sea during both
winter and summer and too far into Hudson Bay during winter. The excessive sea-ice in
the Norwegian Sea is likely due to the weakened AMOC, which does not transport
enough warm, mid-latitude water northward. Sea ice is deficient around Antarctica
during both seasons. The lack of extent and concentration is a direct result of the

persistent warm temperature bias in the Southern Ocean.

2.5 Discussion

We present the first formal evaluation of the new AOGCM GENMOM, a non-
flux corrected model comprised of GENESIS 3 atmospheric model, the MOM?2 ocean
model and LSX land-surface model. The spectral resolution of T31 for both atmosphere
and ocean is used during this evaluation. The simulated global 2 m air temperature is 0.6
°C warmer over oceans and 1.3 °C colder over land. The jet stream structure and major

planetary features of sea level pressure are well captured by the model. GENMOM



31

NH - DJF NH - JUA

SH - DJF SH-JJA

Figure 2.11 Fractional sea-ice extent. HadISST v1.1 15% observed contour plotted in red.
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produces a realistic mean planetary-scale wind structure that is needed to produce the
correct position of stormtracks. The 500 hPa ridges and troughs are well simulated, as are
the seasonal surface pressure cyclones and anticyclones.

The annual surface temperature gradient, spatial distribution, and the annual
distribution of precipitation compare well to observations and are on par with the three
other AOGCMs. Cold SST anomalies in the Norwegian Sea are explained by excessive
sea-ice in both winter and summer, which is in turn caused by weak Atlantic Ocean
overturning. A warm bias in the Southern Ocean is attributed to a weak ocean
overturning resulting in a poor simulation of the Deacon Cell, which suppresses
associated cold water upwelling in the Southern Ocean. GENMOM fails to resolve
adequately the South Pacific Gyre, which results in a warm SST bias in the eastern
Pacific Ocean and weak anticyclonic atmospheric circulation around the gyre.
GENMOM simulates a double ITCZ when coupled with the OGCM, which is not present
when GENESIS is coupled to a slab ocean.

The global ocean temperature is generally well simulated, with the exception of a
warm bias between 200 — 1000 m in the tropics and mid-latitudes. The warm bias is
attributed to weak global overturning and the use of a high value of the vertical diffusion
coefficient, which was needed to maintain realistic global ocean overturning. Salinity is
generally well simulated, but with a fresh bias in the North Atlantic caused by
underrepresentation of narrow channels (i.e., the Norwegian Sea) at T31 model resolution
and a 1+ PSS salinity bias in the northern mid latitudes originating in the Gulf of Mexico.
Ocean overturning is simulated with the correct spatial pattern, but is generally weaker-

than-observed. We attribute the weak meridional ocean overturning to (i) weak and
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northwardly displaced westerly winds in the SH due to coarse topography and (ii) a
narrow and shallow Drake Passage also due to coarse orography.

Most ocean surface currents are well simulated by GENMOM, with the exception
of narrow currents such as the Gulf Stream and the Kuroshio Current that are weaker-
than-observed again due to the coarse T31 resolution. Northern Hemisphere Sea-ice is
well simulated with the exception of excess sea-ice in the Norwegian Sea. However, the
SH sea-ice extent is too small compared to observations. Both NH and SH deficiencies
are linked to weak ocean overturning. The use of the Gent-McWilliams mixing scheme
should be considered in future GENMOM simulations with the expectation that this
scheme should cool the Southern Ocean and increase SH sea-ice (Wiebe and Weaver,
1999).

The evaluation performed here demonstrates that the first generation of
GENMOM produces a realistic climatology. Deficiencies in the oceanic component of
the model discussed here provide guidance for improving GENMOM. The addition of a
coupled ocean model allows GENMOM to be used to investigate past climates and to

study phenomena such as ENSO that require dynamic ocean-atmosphere interaction.
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3.1 Abstract

The El Nifio/Southern Oscillation (ENSO) affects societies in many countries
through global atmospheric teleconnections that bring drought or torrential rainfall. How
ENSO might respond to global warming is unclear. Here we apply a new AOGCM,
GENMOM, which combines the GENESIS atmospheric GCM (Global ENvironmental
and Ecological Simulation of Interactive Systems) and MOM (Modular Ocean Model), to
test the response of ENSO to global warming. GENMOM simulates a realistic present-
day climate (Alder et al, 2011) and we demonstrate that GENMOM captures ENSO
dynamics to a degree similar to other AOGCMs that were evaluated in the [IPCC AR4.
We evaluate the simulated response of ENSO to doubling (710 ppmV) and quadrupling
atmospheric CO, (1420 ppmV) (hereafter denoted 1x, 2x and 4x respectively) using 700-
year equilibrium simulations. Where possible, we compare our results to eight AOGCMs
used in the [PCC AR4. Our GENMOM sensitivity tests indicate higher amplitude and
more frequent ENSO events are associated with global warming. Bjerknes feedbacks
weaken with increased atmospheric CO,, where the east-west Pacific temperature
gradient is reduced by ~34% in the 4x simulation, which in turn drives a 38% reduction
in west Pacific windstress and ~32% reduction in east Pacific upwelling, allowing larger
and more frequent anomalies to develop. The Walker Circulation weakens, while the
west Pacific zone of deep tropical convection is displaced eastward, resulting in a more
eastwardly confined El Nifio warm tongue. Analysis of atmospheric teleconnections
reveals the present day positive (negative) western North American temperature
anomalies associated with El Nifio (La Nifia) experience a sign reversal under the 4x

simulation to become negative (positive). South American temperature and precipitation
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teleconnections are simulated to strengthen with increasing atmospheric CO,, as are

precipitation teleconnections to the Indian subcontinent.

3.2 Introduction

ENSO is a coupled ocean-atmosphere mode of variability that occurs in the
Pacific Ocean (Neelin et al., 1998) with regional to global influence. The phases of
ENSO are identified by warm (EI Nifio) or cold (La Nifia) sea surface temperature (SST)
anomalies along the equator and anomalies of the sea level pressure (SLP) difference
between Tahiti and Darwin, Australia (Horel and Wallace, 1981). During non-ENSO
periods, the tropical Pacific is in a quasi-stable balance between SSTs and windstress
related to trade wind convergence in the Intertropical Convergence Zone (ITCZ). Warm
westerly waters give rise to buoyant air masses that drive deep tropical convection over
Indonesia. Once lifted to the upper atmosphere, these air masses diverge and are
propagated eastward by upper atmospheric westerly winds. Cool eastern Pacific surface
temperatures cause divergence at the surface, which, in turn, induces the upper
atmospheric air mass to subside. At the surface, easterly winds complete the loop by
forcing the surface air mass westward to the region of deep tropical convection. This
convective loop is known as the Walker Circulation and the location of convection
strongly influences the location and intensity of rainfall over Southeast Asia and South
America. Windstress caused by strong easterly winds force an oceanic response in the
form of eastern coastal upwelling. The cool upwelled water brought to the surface helps
maintain an east-west SST gradient. The balance of winds, water temperature and

upwelling are collectively known as Bjerknes feedbacks (Bjerknes, 1969).
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ENSO events are a disruption of the Walker Circulation where the Bjerknes
feedbacks are either weakened (EI Nifio) or strengthened (La Nifia). El Nifio events
occur when the easterly trade winds relax, allowing the warm western waters to
propagate eastward, thereby weakening the east-west temperature gradient. Because the
convective branch of the Walker Circulation is centered on the region of warmest water,
the eastward expansion of warm water forces an eastward shift of the convective branch.
The reduced windstress associated with the relaxed easterly winds weakens upwelling,
which helps to reduce further the east-west temperature gradient. La Nifia events are
generally the opposite of El Nifio: the easterly trade winds strengthen which enhances
upwelling along the coast of South America bringing more cool water to the surface
thereby strengthening the east-west surface temperature gradient (Neelin et al., 1998).
The increased easterly wind strength forces warm westerly surface waters west with the
accompanying westward shift of rainfall.

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. Significant progress has been made over
the past two decades in understanding the underlying mechanisms 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 the past and inform us about future climatic change
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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
et al, 2000; Timmermann et al., 1999; Merryfield, 2006).

Here we explore the multi-century ENSO response to present (355 ppmV),
doubled (710 ppmV) and quadrupled (1420 ppmV) atmospheric CO, levels (1x, 2x and
4x respectively) using a new non-flux corrected AOGCM, GENMOM, that combines
GENESIS version 3 (Global ENvironmental and Ecological Simulation of Interactive
Systems) and MOM version 2 (Modular Ocean Model) general circulation models (Alder
etal, 2011). 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. We first compare the GENMOM simulation of present-day climatology of
the Pacific Basin with observations and with eight AOGCMs used in the
Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4,
Randall, 2007). We then investigate the GENMOM ENSO response to atmospheric CO,
forcing using 700-year equilibrium simulations. The first 400 years are discarded as
model spin-up, leaving 300 years for our analysis. In addition to the 1x, 2x, 4x
equilibrium simulations we include a shorter 140-year transient simulation using the A2
emission scenario (Naki¢enovi¢, 2000) to test the ENSO response to non-stationary

atmospheric CO; forcing.
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3.3 GENMOM description

GENMOM is a hybrid name that combines the atmospheric model GENESIS
version 3 (Thompson and Pollard, 1995; Thompson and Pollard, 1997; Pollard and
Thompson, 1997) with the ocean model MOM version 2 (Pacanowski, 1996). The main
improvements in GENESIS version 3 are (1) solar and thermal infrared radiation are
calculated using the NCAR CCM3 radiation code, and (2) the ocean is optionally
represented by the MOM?2 ocean general circulation model to compose GENMOM. The
nominal AGCM resolution is spectral T31 (3.75° x 3.75°) with 18 vertical levels using
sigma coordinates. MOM2 uses 20 unevenly spaced levels. A land-surface transfer
model (Land Surface eXchange) accounts for the physical effects of vegetation (Pollard
and Thompson, 1995). To simplify the coupling between the atmosphere and ocean, both
the GCMs are implemented on essentially the same T31 grid. In MOM2, the latitudinal
grid spacing is not exactly T31, but is adjusted with a cosine-stretching factor
(Pacanowski, 1996) to closely approximate T31. GENESIS has a 30-min timestep, and
MOM2 has a 6 h timestep for scalar fields. The two models interact in an essentially
synchronous manner, communicating every 6 h. 6 h averages of the surface fluxes of
heat, water and momentum are passed from GENESIS to MOM?2, and MOM?2 is run
through one 6 h scalar timestep. The updated SSTs are passed back to GENESIS and
used to run it for the next 6 h. A detailed description of GENMOM is presented by Alder
etal (2011).

Formal evaluation of the present day climatology simulated by GENMOM (Alder
et al, 2011) indicates that the model captures global circulation patterns. Atmospheric

fields such as the jet stream structure and major SLP features are well simulated. The
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simulated global 2 m air temperature is 0.6 °C warmer over oceans and 1.3 °C colder over
land. The model has a warm SST bias (1 — 2.5 °C) in the Southern Ocean and a
subsurface warm temperature bias (exceeding 2 °C) between 200—1000 m in the tropics
and mid-latitudes. Similar to other AOGCMs, GENMOM simulates a weaker-than-
observed Atlantic Meridional Overturning Circulation (AMOC): the maximum simulated
overturning is 14.5 £ 0.9 Sv, whereas the observed range is 16 - 18 Sv. Also similar to
other AOGCMs, GENMOM produces a split ITCZ. Alder et al (2011) compare the
GENMOM simulated climatology to three IPCC AR4 models (GFDL CM 2.0, MPI
ECHAMS, and NCAR CCSM 3.0 used in this evaluation) finding that the climatologies

are generally comparable despite the coarse T31 resolution.

3.4 Simulation of ENSO

Numerous intermodel comparison projects (AchutaRao and Sperber, 2002;
AchutaRao and Sperber, 2006; Guilyardi, 2006) indicate that the ability of coupled
AOGCMs to simulate ENSO is improving, but that there are many areas for further
improvements. In most cases the models do not accurately capture the ocean-atmosphere
dynamics of ENSO that are identified in the observed record, such as the tight link
between ocean and atmosphere in transferring anomalies between the two or the seasonal
timing of ENSO events. AchutaRao and Sperber (2002, hereafter referred to as AS02)
compared simulations from the 17 models that were used in the Coupled Model
Intercomparison Project (CMIP2). AchutaRao and Sperber (2006, hereafter referred to as
AS06) published a follow-up study to assess whether the models used in IPCC AR4
performed better than the prior generation of CMIP2 models evaluated in AS02. We rely

on the techniques used in AS02 and AS06 to evaluate the ENSO in GENMOM.
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3.4.1 Validation datasets

In our evaluation we use NOAA NCEP Reanalysis 1 data (NCEP1, Kalnay et al.,
1996), which spans 1948 — 2007 thereby providing a relatively long “observed” record of
atmospheric fields associated with ENSO. Because NCEP1 fields are produced by a
global reanalysis model, we also use the Hadley Ice and Sea Surface Temperature v1.1
(HadISST, UK Meteorological Office, 2006) dataset to provide observed SSTs for same
time period as the NCEP. Observed sea surface temperature is not available from
NCEP1, so 2 m air temperature is used as a proxy. Although these fields are different,
they have similar values over tropical waters on a monthly basis, particularly in the
equatorial Pacific. In the case of GENMOM, switching from SST to 2 m air temperature
do not change our results. To evaluate upwelling, we use the German partner of the
Estimating the Circulation and Climate of the Ocean dataset (GECCO, Kohl and
Stammer, 2008).

The three simulations are integrated for 700 years. The first 400 years are
disregarded as model spin-up, leaving 300 years to be used in our analysis. Over the last
century of the simulation, the deep ocean (>1,000 m) warmed by ~0.002 °C/decade, the
mid layers (200 m - 1,000 m) warmed by ~0.003 °C/decade and the surface temperature
was essentially free of drift. We compare a subset period of 60 years (model years 400-
459) from the 700-year GENMOM simulation to the observed records. A 60-year subset
period was used so length of the simulated data is comparable to that of the observed
records (1948 — 2007). The 60-year period was chosen by subdividing the 300-year
record into 10, non-overlapping intervals, calculating the standard deviation of the Nifio 3

index for each period and selecting the 60-year period that had a Nifio 3 index standard
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deviation closest to that of HadISST (see section 3c. for Nifio index definition). Eight
IPCC AR4 models are included in our analysis for context (Table 3.1). The time period
analyzed for each of these comparison models is the last 60 years of the Climate of the

20"™ Century experiment (1970 — 1999).

3.4.2 Simulated tropical Pacific

The background mean state of SST in the tropical Pacific plays an important role
in the mechanics of ENSO; yet, although many AOGCMs simulate the large scale
gradients well, they often fail to simulate the finer spatial patterns such as the east-west
temperature gradient or the seasonal timing of winds. The western Pacific is
characterized by the Warm Pool (WP) with surface temperatures exceeding 28 °C,
whereas the eastern Pacific has much cooler surface temperatures (20 — 25 °C). These
lower temperatures are the result of cold-water upwelling and surface advection of cool
higher latitude water via the Peru Current. The difference in east-west surface
temperature sets up a gradient that drives surface winds, which reinforce the warm-cold
gradient by enhancing upwelling. GENMOM simulates the east-west temperature
gradient, but it is weaker than observed (Figs. 3.1 and 3.2). During both December,
January, February (DJF) and June, July, August (JJA), GENMOM is too warm in the
eastern Pacific, specifically at 15° S. The weak Peru Current discussed by Alder et al.
(2011) is expressed by insufficient northward transport of cold water in the far eastern
Pacific with an attendant strong zonal SST pattern. The eastern Pacific is generally too
warm, and the western Pacific is not warm enough, which is also seen in GDFL CM 2.0
and NCAR CCSM 3.0. During DJF when peak insolation is south of the equator,

GENMOM simulates far too much zonal warming in the eastern Pacific, which is similar
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Table 3.1 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
CCCMA Canadian Centre for Climate T47 (~2.8° x 2.8°) L31 L9XL9LN
CGCM 3.1 Modelline and Analvsis. Canada McFarlane et al., 1992; Pacanowski et al.,
T63 & yoIS, Flato, 2005 1993
Commonwealth Scientific and 0.8°x 1.9° 131
CSIRO MK | Industrial Research Organisation T63 (~1.9°x 1.9°) L18 G rdon 'et al
3.0 (CSIRO) Atmospheric Research, Gordon et al., 2002 o "
. 2002
Australia
U.S. Department of
Commerce/National Oceanic and 0.3°-1.0° x 1.0°
Atmospheric Administration 2.0°x 2.5°L24 ST
GFDL CM 2.0 | NOAA)/Geophysical Fluid GFDL GAMDT, 2004 ﬁ“az"ggjs‘ka“ et
Dynamics Laboratory (GFDL), ”
USA
Center for Climate System
Research (University of Tokyo), 0,591 4° x ] 4°
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,
MIUB ECHO- Meteorological Research. Institute T30 (~3.9° x 3.99) L19 0.5°-2.8°x 2.8
G of the Korea Meteorological Roeckner et al.. 1996 L20
Administration (KMA), and ? Wolff et al., 1997
Model and Data Group,
Germany/Korea
MPL | Max Planck nsie fo TE L1993 | L3 15 Lo
ECHAMS Meteorology, Germany ¢ abs 202(1;35 and etal,
NCAR CCSM | National Center for Atmospheric T85 (1.4°x 1.4°) L26 gi&;malfﬁo
3.0 Rescarch, USA Collins et al., 2004 ent
2002
. 0.3°-1.0°x 1.0°
Uno | Ml CenefrCimne |11 L
HadCM3 Pope et al., 2000 Gordon et al.,

Office, UK

2000
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HadISST v1.1 NOAA NCEP Reanalysis 1
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‘c

Figure 3.1 December, January, Febuary (DJF) average surface temperature over the
Pacific basin for HadISST v1.1 and NCEP1, GENMOM and eight IPCC AR4 models.
HadISST v1.1 is shown as SST, all others are 2 m air temperature. The Nifio 3 region is
overlaid in black.
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HadISST v1.1

NOAA NCEP Reanalysis 1

18 19 20 21 22 23 24 25 26 27 28 29 30
‘c

Figure 3.2 June, July, August (JJA) average surface temperature over the Pacific basin for
HadISST v1.1 and NCEP1, GENMOM and eight IPCC AR4 models. HadISST v1.1 is
shown as SST, all others are 2 m air temperature. The Nifio 3 region is overlaid in black.
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to MPI ECHAMS and NCAR CCSM 3.0. During JJA when peak insolation is north of
the equator, GENMOM simulates cool water that is confined to the equator and extends
farther to the west than observed (Fig. 3.2). A few of the IPCC models shown here
(CSIRO MK3, GDFL CM 2.0 and NCAR CCSM 3.0) also have a summer cold tongue
that extends too far west, but only GENMOM has cool SSTs enclosed by warm SSTs.
This could be caused by the weak northward Peru Current failing to bring cool water
northward or weak subsurface upwelling. GENMOM simulates a distinct semi-annual
cycle in the eastern equatorial Pacific where waters cool during northern hemisphere
spring whereas observations indicate the region should remain warm during that part of
the year (not shown). Although the simulation of a semi-annual temperature cycle is
incorrect, it 1s not uncommon in AOGCMs (Guilyardi, 2006). AS02 found both NCAR
CSM and DOE-PCM models had a semi-annual cycle, however an eastern Pacific semi-
annual cycle is not seen in any of the [IPCC AR4 models presented here.

Similar to the GECCO reanalysis, GENMOM produces a seasonal cycle of
upwelling off the western coast of South America with fall and spring maxima (Fig. 3.3).
The net annual total of upwelled waters at ~100 m water depth is 4.6 Sv and 8.3 Sv in
GENMOM and the GECCO data set, respectively, indicating GENMOM is capturing the
correct seasonal timing of upwelling but annually has too little net upwelling.

The ascending and decending branches of the Walker Cirulation, as quantified by
omega, are generally well simulated in GENMOM (Fig. 3.4). The wintertime (DJF)
convective zone is correctly positioned at 150° E, but is narrower than observed. The
wintertime (DJF) subsidance zone is also well positioned in the east Pacific, but is

weaker-than-observed and more confined to the east than observed. This is likely due to
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Figure 3.3 Upwelling volume off the South American western coast (110° W - 90° W, 10°
S -30°S) at ~100 m depth.
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Figure 3.4 Winter and summer Walker Circulation composites of Omega comparing both
NCEP1 and GENMOM. Negative values indicate vertical convection whereas positive
values represent subsidence.
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GENMOM east Pacific SSTs not being cool enough. The summertime (JJA) west Pacific
convective region is both weaker and displaced westward relative to NCEP because
GENMOM exhibits a ~2 °C bias in the Warm Pool and because the warmest SSTs don’t
extend far enough towards the central Pacific. The summertime subsidence zone is also
weaker-than-observed and extends too far west because the GENMOM cold tongue is too
warm and extends too far west. In the eastern Pacific, the coldest SSTs should be nearly
meridional, whereas in GENMOM they are zonal (Fig. 3.2), which weakens the strength

of eastern subsidence.

3.4.3 ENSO regions of variability

To simplify the analysis of ENSO, we subdivide the Pacific into three regions and
average SSTs for each model grid point within the region into a single value. The three
established regions in the tropical Pacific 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), which are
used to measure variability in the west Pacific (Nifio 4), central Pacific (Nifio 3.4), and
east Pacific (Nifio 3, Rasmusson and Carpenter, 1982). Warm El Nifio temperature
anomalies typically initiate in the eastern Nifio 3 region and quickly spread across the
equatorial Pacific to the Niflo 4 region. Sea surface temperatures or 2 m air temperature
for these regions are spatially averaged and then the mean is removed to separate the
influence of the seasonal cycle, so that only temperature departures from normal remain.
These anomaly indices are commonly used as a metric of ENSO variability. The use of
the Nifo indices allows climate models to be compared to observations in general way.
The indices also provide a way to gauge the strength of a particular ENSO event to other

past events.
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The standard deviations of monthly 2-m air temperature anomalies in the three
Nifio regions for the observed data, GENMOM, and the IPCC AR4 models evaluated in
ASO06 are shown in Fig. 3.5 (NCEPI is shown as 2 m air temperature, HadISST as SST).
The overall magnitude of temperature variability simulated by GENMOM is within 0.3
degrees or less of observations in all regions. Similar to other non flux-corrected
AOGCMs, GENMOM incorrectly produces peak variability in the Nifio 4 region with
decreasing eastward variability rather than the west-to-east increase in variability
displayed in the observations. Failure to produce peak variability in the observed Nifio 3
region may be an indicator that the simulated ENSO events are not properly interacting
with the seasonal cycle, or in the case of GENMOM, the eastern Pacific seasonal cycle is

not properly being simulated (AchutaRao and Sperber, 2002).

3.4.4 ENSO time series

Here we calculate Nifio indices as monthly deviations of SSTs from the
climatological monthly mean. Many definitions as to what constitutes an ENSO event
are used in the literature (Quinn et al., 1978; SCOR, 1983; Wolter and Timlin, 1993); we
follow Trenbeth (1997) who defines an El Nifio (La Nifia) event as a period when the
temperature anomaly of the Nifio 3 region remains above (below) 0.5°C (-0.5°C) for six
consecutive months in a five month smoothed time series. The five-month smooth is
used to minimize any possible influence from intraseasonal variations in the tropical
ocean (Trenbeth, 1997). The Niflo 3 time series produced by GENMOM (model years
400-459) displays greater variability and lower amplitude ENSO events than those of the
two observed datasets (Fig. 3.6), indicating the model is producing more sub-ENSO (< 2

- 3 years) variability than is exhibited in the observations. The lower event amplitude is
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Figure 3.5 Standard deviations of monthly anomalies for observed, IPCC AR4 models
evaluated in AS06 (surface air temperature) and GENMOM (SST) for the Nifio regions.
GENMOM (green), HadISST v1.1 (yellow), and NCEP1 (red). IPCC model results are
provided in Table 2 of AchutaRao and Sperber (2006).
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Figure 3.6 Observed and simulated Nifio 3 indices.
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consistent with the standard deviation values (Fig. 3.5). The observed Nifio 3 index is
skewed towards stronger El Nifio events, while GENMOM produces a more symmetrical
time series with El Nifio and La Nifia events essentially having the same strength.
Spectral analysis is a commonly used technique to determine the frequency of
ENSO events. Here we use the Maximum Entropy Method (MEM) so that our results are
comparable to AS02 and AS06. The spectra of the simulated Nifio 3 index computed by
MEM places a single peak at 5.3 years in contrast to the NCEP1 and HadISST v1.1 that
display peak power at 3.9 and 4.3 years respectively (Fig. 3.7). Although the ENSO
produced by GENMOM is less frequent than observations, the broad spectral peak is
similar to that of the observations, indicating that ENSO events occur at intervals
between 4 and 8 years. The narrow peaks in the power spectra presented in Fig. 2a of
ASO06 indicate that many of the IPCC AR4 models produce ENSO events that are both
too frequent and too regular (not shown). Significant spectral power in the 2 - 7 year
range is absent in many of the IPCC AR4 models. A few of the IPCC AR4 models do
not produce 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 our criterion for an
ENSO event. Thus we find that GENMOM is producing ENSO events with a reasonable
frequency, while that frequency is lower than the observation it is well within the range

seen in the IPCC AR4 models (AchutaRao and Sperber, 2006).

3.4.5 Composite anomalies of surface fields during ENSO events
Composite anomalies of temperature and precipitation for modeled ENSO events
illustrate global teleconnections and provide a means for comparing GENMOM with

observations and other AOGCMs. ENSO composites are computed by globally
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averaging all periods (e.g., DJF) wherein ENSO events occur and subtracting the long-
term mean from the event average. The goal of this technique is to produce snapshots of
how global temperature and precipitation patterns differ during ENSO events. The
GENMOM temperature teleconnections during warm El Nifio events are generally well
simulated (Fig. 3.8) compared to NCEP. The simulated warm tongue in the equatorial
Pacific is somewhat compressed latitudinaly relative to NCEP, but has the correct east-
west extent. The classic horseshoe-shaped pattern of cold anomalies surrounding the
warm tongue is well simulated in GENMOM. Similar to most of the other models shown
here, the strengthening of the Aleutian Low, indicated by cold SST anomalies, is weaker-
than-observed in GENMOM. Although GENMOM simulates cold anomalies in northern
Canada and Alaska, it does capture the warm anomaly to the United States better than
most of the IPCC AR4 models shown here that predominantly incorrectly simulate a cold
teleconnection. Most of the models shown here correctly have a warm temperature
teleconnection to northern South America and a cold anomaly over southern South
America. GENMOM also exhibits this pattern, but the southern cold anomaly is stronger
than in NCEP, a common problem with the other models. El Nifio teleconnections to
Asia are varied in both the observations and model simulations, yet only GENMOM and
CCCMA CGCM 3.1 place a strong positive anomaly over northern Asia. GENMOM, as
well as all the IPCC AR4 models shown here, correctly simulates the warm
teleconnection to Australia as seen in NCEP.

The temperature teleconnections of cold La Nifia events simulated by GENMOM
have similar but, in many cases opposite, characteristics to the warm events (Fig. 3.9).

The subtropical high in the Pacific is strengthened during La Nifia events, which is seen
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Figure 3.8 Surface air temperature (2 m) DJF El Nifio composite anomalies for observed,
eight IPCC AR4 models and GENMOM. Both GENMOM and IPCC AR4 models are
averaged over a 60-year period.
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Figure 3.9 Surface air temperature (2 m) DJF La Nifia composite anomalies for observed,
eight IPCC AR4 models and GENMOM. Both GENMOM and IPCC AR4 models are
averaged over a 60-year period.
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as a strong positive anomaly in the north Pacific, but this feature is not well captured by
many of the models shown here. GENMOM does simulate positive anomalies in the
north Pacific, but they appear to be part of the horseshoe shape extending from the
equator rather than focused in the location of the Pacific subtropical high. Similar to the
El Nifio composite, GENMOM simulates a temperature teleconnection to North America
that generally compares well to NCEP, although the Pacific Northwest is incorrectly
simulated to have a positive anomaly. Similar to many of the [IPCC AR4 models shown
here, GENMOM simulates a reasonable La Nifia temperature teleconnection to Asia,
Africa, Australia and South America, whereas Europe is simulated to have the incorrect
sign of the teleconnection. Figs. 3.8 and 3.9 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 reproduces the observed spatial
pattern accurately.

During an El Nifio event, warm surface waters in the western Pacific are displaced
eastward along with the corresponding zone of deep tropical convection, which results in
an eastward shift in precipitation and attendant drying over the far western Pacific (Fig.
3.10). GENMOM generally captures the increased precipitation in the warm tongue and
the associated drying in Southeast Asia and Australia, whereas many of the [IPCC AR4
models shown here have a very zonal and intense precipitation pattern. The GENMOM
simulated increase in tropical Pacific precipitation is slightly too confined to the equator
and does not capture enough drying in the northern tropics. GENMOM incorrectly
simulates drying in the Indian Ocean during DJF El Nifio events, which is not seen in the

other models shown here. GENMOM simulates a drying in northern South America
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Figure 3.10 Precipitation DJF El Nifio composite anomalies for observed, eight IPCC
AR4 models and GENMOM. Both GENMOM and IPCC AR4 models are averaged over
a 60-year period.
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Figure 3.11 Precipitation DJF La Nifia composite anomalies for observed, eight IPCC
AR4 models and GENMOM. Both GENMOM and IPCC AR4 models are averaged over
a 60-year period.
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during El Nifio events, which generally matches NCEP, whereas this drying is noticeably
missing in CCCMA CGCM 3.1 and too strong in GFDL CM 2.0. During La Nifia
events, GENMOM simulates similar precipitation spatial patterns in the tropical Pacific
compared to the observations, albeit with a stronger magnitude along the equator (Fig.
3.11).

GENMOM simulates incorrect precipitation teleconnection in the Indian Ocean,
yet generally matches NCEP well in all other regions. Many of the models place a zonal
reduction of precipitation in equatorial Pacific whereas GENMOM performs well
compared to the observations. All of the models shown here fail to adequately capture
the intensity of the observed mid-latitude teleconnections associated with cold La Nifia
events. GENMOM correctly 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 patterns of these teleconnections match
NCEP, the magnitude of the North American precipitation teleconnection is weaker-than-
observed on the western coast. The GENMOM simulated global precipitation
teleconnections are surprisingly good when compared to observations and the [IPCC
models shown here despite the coarse T31 resolution and split ITCZ.

During El Nifio and La Nifia events the Walker circulation changes strength and
the locations of vertical convection over Indonesia in the west and downward subsidence
over the east Pacific. During an El Nifio event the eastern Pacific subsidence weakens
while western convection expands eastward relative to normal conditions. Conversely,
La Nina conditions are characterized by a strengthening of both eastern subsidence and

western convection, while the western convection is contracted further westward.
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GENMOM reproduces both these transitions reasonably well, despite weaker-than-
observed eastern subsidence and generally more confined convection and subsidence
zones (not shown). In the horizontal (not shown), the zones of convection and
subsidence are strongly tied to the persistent split ITCZ simulated by GENMOM (Alder

etal., 2011).

3.5 Changes in ENSO with global warming

In this section we detail the response of ENSO to present day (355 ppmV),
doubling (710 ppmV) and quadrupling (1420 ppmV) of atmospheric CO, (denoted 1x, 2x
and 4x respectively). The three simulations are integrated for 700 years. The first 400
years are disregarded as model spin-up, leaving 300 years to be used in our analysis.
Other trace gases such as CH4 and N,O were not altered from present day values. A 140-
year simulation using the A2 emission scenario was performed that also include changes
in CH4 and N,O along with CO,.

GENMOM has a global equilibrium sensitivity of 2.5°C to a doubling of
atmospheric CO,, which is in the range of 2.1°C - 4.4°C reported in the [IPCC AR4
(Meehl et al., 2007). The most dramatic warming occurs at the poles during their
respective winter, 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
in the equatorial Pacific, which potentially may affect the development of ENSO events
and related teleconnections (Fig. 3.12). Generally, GENMOM has a similar spatial
response to a doubling of atmospheric CO, when compared to the IPCC AR4 models
shown here. Unlike the IPCC AR4 models seen here, the GENMOM cold tongue in the

eastern and central Pacific disproportionately warms more than the western Pacific. This
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Figure 3.12 AOGCM sensitivity to a doubling of CO; for eight [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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asymmetric warming decreases the east-west temperature gradient in the equatorial
Pacific and generally serves to allow larger anomalies (ENSO events) to develop.
GENMOM has moderate warming at the North Pole and more intense warming at the
South Pole compared to the other models shown here, which is likely due to differing

responses of sea-ice to rising temperatures.

3.5.1 ENSO strength and frequency

The Nifio 3 indices for the three equilibrium simulations are shown in Fig. 3.13;
increased variability with CO; level is readily apparent as more temperature anomalies
cross the 0.5 °C threshold needed to meet our criteria of an ENSO event. The Nifio 3
index standard deviations for the 1x, 2x and 4x simulations are 0.62, 0.70, and 0.75
respectively. Based on F-tests, the time series have statistically significant different
variance at the 95% confidence level (o = 0.05). Similar to spectral analysis, wavelet
analysis not only calculates the frequency of ENSO events, but in contrast to spectral
analysis, wavelet analysis also has the ability to detect the location of where frequencies
change within the record. Thus, wavelet analysis reveals a more detailed evolution of
ENSO spectra (Fig. 3.14) than is provided by MEM. The 1x simulation has a single 5.6
year period, while 2x and 4x simulations have 5.8 and 4.6 year periods respectively.
Using normalized power spectra Guilyardi (2006) found a double peak of 3.5 and 5.3
years in the HadISST record from 1900-2000 as opposed to the single 4.3 year MEM
peak in our 1948-2007 range. The double ENSO peak may be more realistic, indicating a
switch from local SST-wind interaction in the central-east Pacific (S-mode) to that of

remote wind-thermocline feedbacks in the west Pacific (T-mode) that are mechanisms
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drawn on to explain the pre- and post-1976 change in observed ENSO frequency
(Guilyardi, 2006).

By having one spectral peak, the 1x, 2x and 4x spectra indicate that GENMOM is
simulating one mode. The 5.6 year period in the 1x simulation is similar to the longer 5.3
year observed spectral peak that Guilyardi (2006) associates with remote wind-
thermocline feedbacks (T-mode). The 2x simulation has a negligible change in
frequency, whereas the 4x simulation has a period about one year shorter than present.
The A2 wavelet is interesting as it has a double peak of 4.3 and 6.1 years, which brackets
the 1x simulation. Although the A2 wavelet is not contoured as significant, the first part
of the record (1960-1990) appears to have the most power in the 6 - 9 year range,
whereas the latter portion of the record (2050-2100) has more power near 4 - 6 years,
potentially indicating that GENMOM is capable of switching between S and T-modes.
The conclusion that GENMOM is able to switch between S and T-modes may be
premature since the spectral peaks are not contoured as significant in the A2 simulation
and a double peak spectra is not seen in the longer equilibrium simulations, which would
indicate a shift in mode.

A noteworthy feature of the GENMOM wavelet spectra is the strong presence of
a 6-month frequency, which is caused by simulation of a semi-annual cycle in eastern
Pacific SSTs over the Nifio 3 region. It is unclear how this semi-annual cycle influences
the development of ENSO events. The observed Nifio 3 index show that El Nifio events
typically intiate in late spring/early summer, reach their peak strength in winter, and then

decay the following spring. While GENMOM does have a slight preference to peak in
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late winter/early spring, events can initiate anytime of the year, which is uncharacteristic

of the observations (not shown).

3.5.2 Changing spatial patterns and teleconnections

A key question in understanding the potential response of ENSO to global
warming is not only evaluating changes in strength and period, but also in evaluating
changes in the spatial patterns of global teleconnections. Large changes in simulated
ENSO dynamics are not confined to the Nifio 3 region, but also occur in both Nifio 3.4
and 4 regions (Fig. 3.15). Both the 2x and 4x simulations have stronger Nifio 3 and 3.4
indices, but the index declines in the Nifio 4 region. In the 4x case, the Nifio 4 index is
greatly reduced, implying an eastward contraction of the warm tongue. To provide
independent confimation of this finding we apply Empirical Orthogonal Functions, which
are commonly used in the fields of oceanography and atmospheric sciences to spatialy
decompose different modes of independent variability (Fig. 3.16). Unlike the Nifo
indices that collapse the spatial variability of SSTs down to one number, EOFs are
calculated on a per-grid-cell basis to reveal the spatial changes of variability in the
tropical Pacific. The first EOF for the 4x scenario indicates that the western edge of the
warm tongue is displaced between 15-20° to the east. The eastward shift of the warm
tongue western edge is likely caused by a general weakening of the Walker circulation
and a shift in the zone of convection. Under the 4x scenario, Nino 4 windstress is
reduced in the western Pacific by 38% annually (Table 3.2). Reduction in west Pacific
windstress is driven by a ~34% reduction in the east-west Pacific temperature gradient,
which increases the western surface pressure and reduces the eastern surface pressure,

thereby reducing the east-west pressure gradient and weakening the easterly tradewinds
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Table 3.2 Metrics of Bjerknes feedbacks. All values are shown as annual means for the
full 300-year simulations. Windstress is shown as Tx. The Warm Pool (WP) is defined
as 5°N - 5°S, 130°E - 170°E and the Cold Tongue (CT) as 5°N - 5°S, 130°W - 170°E.
The themocline gradient is calculated as the Nifio 3 SST minus the ocean subsurface
temperature at 112 m for the same region. Upwelling is calculated by volume at 112 m in

the Nifio 3 region.

1x 2x 4x
Nifio 3 stddev (°C) 0.62 0.70 0.75
# El Nifios >= 1.5 6 9 8
Nifio 3 T, (dynes/cm?) -0.30 -0.28 -0.26
Nifio 4 T, (dynes/cm?) -0.26 -0.21 -0.16
WP SST (°C) 28.14 29.51 31.39
CT SST (°C) 24.39 26.33 28.91
WP-CT (°C) 3.75 3.18 2.48
Nifio 3 SST (°C) 24.58 26.55 29.15
T@112m (°C) 18.63 20.14 22.04
SST-T@112m (°C) 5.96 6.41 712
Nifio 3 Upwelling (Sv) 119.0 101.6 80.5
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(not shown). The Walker circulation in the 4x simulation is weakened and is
characterized by reduced convection in the west and reduced subsidence in the east.
Convection increases in the central Pacific (centered at ~160° W), indicating an eastward
shift of the zone of convection. The 2x scenario generally exhibits similar patterns, but
the changes are smaller than those of the 4x simulation. In both 2x and 4x scenarios the
equator to pole temperature gradient is reduced relative to present day, which may be
contributing to the changes in the Walker circulation.

A noteworthy feature of first EOF is that the traditional horseshoe shape is
progressively more constrained to the equator in the 2x and 4x simulations in the northern
hemisphere, whereas it extends to higher latitudes in the 1x simulation. This
rearrangement of variability could be the expression of changes in mid-latitude
teleconnections. Global surface temperature teleconnections during DJF using the Nifio 3
index are shown in Fig. 3.17. Regions where the teleconnections are statistically
significant (o = 0.05) are highlighted with hatching. These results demonstrate that the
teleconnections may not be stationary and could be subject to considerable reorganization
in a warming world.

A notable feature in Fig. 3.17 is that during El Nifio events the warm tongue
appears weaker in 4x than that of the 1x simulation, despite the fact that the 4x simulation
has a stronger ENSO. This apparent reduction is actually an artifact of the method used
to create the composite maps, where the 4x simulation includes many more events (see
Fig. 3.13), including smaller events, which collectively reduce the magnitude of the
average composite. This potential pitfall could be avoided by including only the top 10-

15 strongest ENSO events as opposed to all events; however the composite anomalies of
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Figure 3.17 Changes in DJF surface temperature teleconnections. Statistically significant
(T-test, 0 = 0.05) teleconnection regions are hatched.
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the teleconnections would represent only the strongest ENSO events rather than the
average event.

North American teleconnections vary among the simulations and the changes
from normal conditions are statistically significant in only a few regions because, as in
nature, the ENSO signal is obscured by interannual variability. The cold anomaly during
El Nifio events and a warm anomaly during La Nifa events over Alaska are weakened
under the 2x and 4x simulations. The western United States has a reversal of sign in the
temperature teleconnection for both El Nifio and La Nifia events from the 1x simulation
towards the 4x simulation. Eastern Canada has a large reduction in the warm temperature
anomaly during El Nifio events, where the 4x simulation have a coherent pattern of sign
reversal to cold temperature anomalies, although they are not hatched as significant.
Over Southern South America the temperature teleconnection (negative anomalies during
El Nifio events and positive anomalies during La Nifia events) strengthens in the 2x and
4x simulations. Africa appears to have little change in temperature teleconnections and
Australia has generally the same teleconnection with only a slight reduction in the cold
temperature anomaly during La Nifia events. Northern Asia has a postive temperature
teleconnection during El Nifio events that strengthens in the 2x simulation, then weakens
and reverses sign to a negative cool anomaly in the 4x simulation, which similar to the
NCEP present-day teleconnection (Fig. 3.8).

Precipitation teleconnections (Fig. 3.18) are far less globally extensive than
temperature teleconnections. Despite large changes in the temperature teleconnection
over North America, the precipitation teleconnections in the 1x and 4x simulations are

generally similar with a small reduction of precipitation anomalies in the 4x simulation



79

El Nifio La Nifia

1x (355 ppmV)

2x (710 ppmV)

4x (1420 ppmV)

—mlT T I I I I I I —
-2.500 -1.250 -0.625 -0.312 -0.156 -0.000 0.156 0.312 0.625 1.250 2.500
mm/day

Figure 3.18 Changes in DJF precipitation teleconnections. Statistically significant (T-
test, 0 = 0.05) teleconnection regions are hatched.
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over eastern and western United States during both El Nifio and La Nifia events. Similar
to temperature, southern South America has a strengthening precipitation teleconnection.
Again, Africa has little change in the spatial pattern of ENSO teleconnections. The
Indian subcontinent has a stronger wet anomaly under the 2x simulated and 4x simulated
El Nifio events while also having a similar dry anomaly during La Nifa events. Eastern
Australia has a weakening precipitation anomaly from the 1x simulation to the 4x
simulation for both El Nifio and La Nifa events, perhaps due to the eastward shift of the

Walker Circulation.

3.5.3 Metrics and mechanisms of ENSO

Our analysis demonstrates that GENMOM produces stronger and more frequent
ENSO events with increased atmospheric CO, concentrations. Potential sources for
driving the increased amplitude of ENSO are 1) steepening of the tropical thermocline
temperature gradient, 2) weakening of the zonal east-west Pacific surface temperature
gradient and or 3) the meridional extent of the zonal wind stress response to equatorial
SST anomalies (Merryfield, 2006). The combination of these sources can be viewed in
the context of positive and negative feedbacks that enhance or suppress ENSO events in
the model. Relaxing the Bjerknes feedbacks and the Walker Circulation can allow larger
SST and wind anomalies to build, thereby setting the stage for the development of
stronger El Nifio events. In contrast, enhancing the Walker Circulation and Bjerknes
feedbacks would result in a tendency for a more ‘locked’ system that would suppress
building of SST which in turn would weaken ENSO events.

To determine the driving force behind changes in ENSO strength, Otto-Bliesner et

al. (2003) investigated mean state changes in the tropical Pacific finding that changes in
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the strength of Bjerknes feedbacks can be tied to ENSO strength. In Table 3.2 we list
some of the basic metrics of the Bjerknes feedbacks that control the strength of ENSO in
an attempt to understand why GENMOM simulates stronger ENSO events under global
warming. One of the simplest metrics is the zonal SST gradient across the Pacific basin.
Here we use the Warm Pool (WP, 5°N - 5°S, 130°E - 170°E) and the Cold Tongue (CT,
5°N - 5°S, 130°W - 170°E) to define the zonal temperature gradient as WP-CT. There is
a decreasing zonal temperature gradient from the 1x simulation to the 4x simulation, with
the 4x simulation exhibiting the weakest zonal gradient (Table 3.2).

Another metric for ENSO related variability in the eastern Pacific is the vertical
thermocline temperature gradient, which is used to infer both upper ocean temperature
stratification and the strength of upwelling. To quantify the thermocline gradient, we use
the sea surface temperature minus the ocean temperature at 112 meters in the Nifio 3
region. The thermocline gradient is weakened from 3.75 °C in the 1x simulation to 2.48
°C in the 4x simulation, which is a reduction of ~34%. East Pacific coastal upwelling is
by and large driven by the windstress from easterly trade winds, where stronger winds
strengthen the upwelling of cold subsurface water. Stronger upwelling will generally
cool the eastern Pacific, which increases the east-west temperature gradient, as the
western Warm Pool remains warm, resulting in stronger trade winds and more upwelling.
Here we calculate upwelling as the volume of water moving vertically at 112 m depth in
the Nifio 3 region. Upwelling in this region is reduced from 119.0 Sv in the 1x
simulation to 80.5 in the 4x simulation (~32%). The reduction in upwelling corresponds

to a 38% reduction in west Pacific Nino 4 windstress and ~34% reduction in the east-
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west Pacific temperature gradient, all of which culminate to strengthen ENSO events in
the 4x simulation.

In agreement with Otto-Bliesner et al. (2003), the strongest ENSO events
simulated with GENMOM display the weakest zonal temperature gradient, the steepest
thermocline gradient and the weakest wind stress (Tx), which together indicate weakening
of Bjerknes feedbacks which reinforce building of larger anomalies, thereby
strengthening ENSO events. From these Bjerknes feedbacks, we would expect a weaker
zonal SST gradient, weaker wind stress and reduced upwelling, which is indicated by a
sharper themocline. Of our equilibrium simulations, the 4x simulation displays these
aspects of Bjerknes feedbacks and the resulting strongest ENSO events of our three
equilibrium simulations.

The strength of the AMOC is thought to play a role as an extra-tropical control of
ENSO strength by altering the background seasonal cycle in the Pacific via an
atmospheric bridge to the Atlantic. Using five AOGCMs, Timmermann et al. (2007)
finds weakening the AMOC tends to weaken the annual cycle in the Pacific, which in
turn strengthens ENSO. Our simulations display a weakening of the AMOC and a
strengthening ENSO with global warming. The AMOC strength is reduced from 14.5 +
0.7 Sv in the 1x simulation to 11.54+ 0.7 Sv and 11.3 + 2.0 Sv in the 2x and 4x
simulations respectively. Our results corroborate with those of Timmermann et al.
(2007), where the AMOC is weakened from the 1x to 4x simulation, which corresponds
to the annual cycle weakening in our 2x and 4x wavelet spectra (Fig. 3.14). However, it
is unclear how the strength of the AMOC alters the semi-annual cycle, and how the semi-

annual cycle alters GENMOM’s ability to simulate ENSO events.
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To explain changes in the frequency of ENSO events in a warming world, we
must consider how El Nifio events first develop. In the delayed-oscillator paradigm
(Schopf and Suarez, 1988; Suarez and Schopf, 1988; Battisti and Hirst, 1989), Kelvin and
Rosby waves are thought to be associated with the triggering of ENSO events. Both
Kelvin and Rosby waves are formed from anomalous westerly wind bursts in the
equatorial Pacific. A fast moving (~1 m/s) downwelling Kelvin wave will propagate
eastward from the location of the wind burst, deepening the thermocline, reducing
upwelling, and effectively warming east Pacific SSTs. Whereas the slower (2.5 - 3m/s)
westward propagating upwelling Rosby wave raises the thermocline as it travels towards
the western boundary. These two opposite moving waves setup a temporary weakening
of the Pacific east-west surface temperature gradient, which is strengthened by wind-SST
feedbacks that further weaken the temperature gradient, leading to the development of an
El Nifio event. However, as the eastward propagating Kelvin wave reaches the eastern
boundary, it is reflected back westward as a slow moving downwelling Rosby wave, just
as the Rosby wave is reflected eastward as an upwelling Kelvin wave. The reflected
waves will essentially reverse the warming of the original two waves, aiding to the decay
of the El Nifio event. The leading proposed mechanism to explain why ENSO events
would be more frequent with global warming is that the rate at which Kelvin and Rosby
waves propagate across the Pacific basin increases as water temperature increases
(Chelton et al., 1998; Merryfield, 2006). If the waves propagate faster across the Pacific

Basin, then the frequency of ENSO events would increase.



84

3.6 Discussion

GENMOM produces a realistic ENSO that is on par with the eight [IPCC AR4
models evaluated here by simulating Nifio 3 - 4 indices that have a standard deviation
within 0.3 °C of the observations. The model simulates ENSO events with a realistic
frequency and generally correct spatial patterns of temperature and precipitation
teleconnections. GENMOM simulates a weaker-than-observed Peru Current and coastal
upwelling in the eastern Pacific, both of which contribute to the simulated eastern Pacific
SSTs being too warm and too zonal. The wintertime (DJF) Walker Circulation is well
simulated with generally the correct positioning, albeit with slightly weaker-than-
observed convection and subsidence. The summertime (JJA) Walker Circulation is also
weaker-than-observed, however both the zone of convection and subsidence are
displaced westward due to an incorrect simulation of east and west Pacific SSTs.
GENMOM produces a semi-annual temperature seasonal cycle that is not seen in the
observations but is not uncommon in AOGCMs (Guilyardi, 2006). GENMOM
incorrectly produces peak SST variability in the Nifio 4 region as opposed to the observed
Nifio 3 region, which is also common in other non-flux corrected AOGCMSs, and is
another indication that the model produces ENSO events with incorrect seasonal timing.
Wavelet analysis indicates that GENMOM produces ENSO events with an average
period of 5.6 years. However, the shorter A2 simulation hints that GENMOM is capable
of simulating the two distinct spectral peaks seen in the observations that indicate that
GENMOM correctly simulates both the S-mode and T-mode mechanisms that drive

ENSO.
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Long (300-year) CO; sensitivity experiments show that GENMOM simulates
more frequent and higher amplitude ENSO events with CO,-driven global warming,
specifically at 4x atmospheric CO; levels. ENSO events are more intense due to CO,
induced warming disproportionately heating the eastern Pacific more than the western
Pacific, such that the east-west temperature gradient is reduced by ~34% in the 4x
simulation. The weakened east-west temperature gradient slackens weak Pacific
windstress by 38% and thereby weakening upwelling by ~32% in the 4x simulation. As
these Bjerknes feedbacks are weakened in the equatorial Pacific, larger anomalies, and
hence ENSO events, develop. This result should, however, be interpreted with caution as
the IPCC AR4 indicates that there is yet to be consensus among the models on how
ENSO will respond to global warming. The IPCC AR4 models are divided between a
more intense ENSO and a weakened ENSO in response to global warming (Merryfield,
2006). The A2 emission scenario is too short in length to be able to definitively detect
changes in the ENSO spectra, yet wavelet analysis tentatively mirror the same trend of
increased frequency with increasing green house gases.

The simulations performed here not only have a strengthened and more frequent
ENSO in a warming world, but also one with a changing spatial pattern. The sharp
reduction of SST variability in the Nifio 4 region under the 4x scenario is representative
of an eastward contraction of the region of action of ENSO. This finding is confirmed by
the first EOF of SST anomalies showing a 15-20° shift in the region of action. The
strength of the Walker Circulation is found to be reduced through a weakening of

Bjerknes feedbacks (western windstress and convection are reduced, eastern subsidence
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and upwelling are reduced, and the west-east Pacific temperature gradient is weakened)
while the zone of deep tropical convection is displaced eastward.

Although each ENSO event is unique and GENMOM produces substantial spatial
variability between events, focusing on regions where teleconnections are statistically
significant leads to some interesting findings. The GENMOM simulations have a
complete sign reversal for the temperature anomalies for the western United States during
both El Nifio and La Nifia events from the 1x simulation towards 4x atmospheric CO,. If
such a reversal were to occur in the future, it would undoubtedly have vast ecological,
agricultural and economical impacts. La Nifa events are associated with dry conditions
in the southwest United States, where strong or prolonged La Nifia conditions can trigger
drought that can persist beyond the duration of the La Nifa event (Cole and Overpeck,
2002). Although La Nifia events bring dry conditions to the southwest, the temperature
teleconnection is one of cooling. If the temperature teleconnection reverses, while the
precipitation teleconnection generally stays the same, the warm temperature
teleconnection could exasperate La Nifia triggered drought. GENMOM also simulates
reduced precipitation teleconnections to both coasts of the United States in the 2x and 4x
simulations. Southern South America has strengthening temperature and precipitation
anomalies during both El Nifio and La Nifia events. The Indian subcontinent has a
stronger precipitation anomalies under 2x and 4x El Nifio events.

As simulations for the Fifth Assessment Report (ARS) are completed, additional
attention should be given to studying ENSO by encouraging modeling groups to submit
long (300+ year) equilibrium simulations for both 2x and 4x atmospheric CO,. Although

transient simulations are more realistic, it becomes difficult to detect changing
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teleconnection patterns or to place significance on teleconnections when the simulations
are short or the forcing is constantly changing. Moreover, models that exhibit multi-
decadal modulation of ENSO amplitude (Timmermann, 2003; Yeh and Kirtman, 2004;
Lin, 2007), as GENMOM displays, require longer simulations, as it becomes difficult to
separate a CO, forced change from the modulation. Perhaps having long equilibrium
simulations for all ARS models will help build a consensus on how models predict ENSO
will respond to increasing green house gases, unlike the division between models seen
today. This proposed set of long equilibrium simulations could also be explored to
determine if there is any consistency within the models to support changing spatial

teleconnections with global warming.
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4.1 Abstract

A new coupled atmosphere-ocean climate model, GENMOM, is applied to
simulate past changes in the strength of the El Nifio/Southern Oscillation (ENSO) to help
expand our knowledge of both changes in past ENSO and to provide context for future
changes. Equilibrium simulations are performed for the LGM (21ka), delgacial (18ka
and 15ka), Holocene (12ka, 9ka, 6ka, 3ka), present-day, as well as a doubling (2x) and
quadrupling (4x) of atmospheric CO,. The paleo simulations are forced with time-
appropriate changes in insolation, trace gas concentrations, sea level, and ice sheets. The
mid-Holocene (6ka) and LGM (21ka) simulations are compared to the best available
proxy reconstructions for sea surface temperature, precipitation and net moisture to
ensure the simulations are plausible. Surface temperatures in the remaining paleo
simulations are compared to new proxy compilations that have reduced spatial coverage
but far improved temporal coverage. We find that the model is in good agreement over
broad spatial scales, with regional discrepancies between the model and proxy data.
Analysis of the simulated tropical Pacific and change in ENSO strength are detailed in

Part II of our paper.

4.2 Introduction

Climate for the past 21,000 years is by in large regulated by changes in earth-sun
orbital geometry, changes in trace gas concentrations, and the presence and melting of the
northern hemisphere ice sheets. Changes in the seasonal distribution of solar radiation
(insolation) are controlled by the 22,000-year precession cycle and the 40,000-year tilt

cycle (obliquity). The precession cycle regulates the seasonal timing of when the Earth-
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sun distance is at maximum and minimum, thereby influencing seasonality. The
obliquity cycle varies the Earth’s axial tilt by £1.5° from its present angle of ~23.5°,
affecting the latitudinal distribution of insolation through time. Atmospheric CO, was
greatly reduced at the LGM, and generally rises in a stepwise fashion to pre-industrial
levels. The LGM was characterized by the Laurentide, Cordilleran, Scandinavian ice
sheets in the northern hemisphere, which, due to their height altered atmospheric and
oceanic circulation patterns and due to their extent increased the global albedo and thus
altered the global energy balance that favored a cooler world.

Past climate has been extensively studied by two international collaborative
projects: Climate: Long range Investigation, Mapping, and Prediction (CLIMAP,
CLIMAP Project Members, 1981) and Cooperative Holocene Mapping Project
(COHMAP, COHMAP Members, 1988). While CLIMAP focused on the LGM,
COHMAP concentrated on seven time periods: 18, 15, 12, 9, 6, and 3ka (thousand years
ago) and the present-day. Both projects reconstructed past climate using new
paleoclimate proxies, developed new techniques for proxy analysis, and used the best
climate models available at the time for data-model comparison. Climate models were
used to help explain mechanisms that controlled the climate seen in proxy records and to
help fill gaps in knowledge when proxy data was sparse. Both CLIMAP and COHMAP
provided major contributions to the field of paleoclimatology and modeling, but were
conducted in the late 1970’s and mid-1980’s so are now a bit dated. The Paleoclimate
Modelling Intercomparison Project (PMIP) is now active in integrating paleoclimate data
models as the present continuation of the CLIMAP and COHMAP projects. PMIP is

entering its third phase (PMIP3) using the latest climate models available, some of which
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not only have dynamic atmosphere, ocean, and vegetation interactions but also include
biogeochemical (carbon cycle) models. Mid-Holocene modeling studies consistently
show summertime (June, July, August, JJA) positive insolation anomalies due to a
change in precession, causing increased northern hemisphere seasonality. The increased
land-sea contrast strengthens the Indian summer monsoon, which in turn enhances
easterly trade winds from June — September (Kutzbach and Otto-Bleisner, 1982,
Braconnot et al., 2007). During this period, proxy reconstructions indicate the El
Nifio/Southern Oscillation (ENSO) was greatly weakened by as much as 60%. The
monsoon enhanced easterly trade winds interact with ENSO dynamics by strengthening
windstress, increasing convection, and steepening the east-west Pacific surface
temperature gradient, all of which are thought to dampen ENSO strength in the mid-
Holocene (Liu et al., 2000).

Here our goal is to explore past changes in ENSO from the LGM to present-day
using the new AOGCM, GENMOM. Rather than limiting ourselves to a single mid-
Holocene and LGM simulation, we apply the model to simulate the time slices used in
both CLIMAP and COHMAP (21, 18, 15, 12,9, 6, 3, Oka). Our seven paleosimulations
include time-appropriate insolation, atmospheric greenhouse gas concentrations,
continental ice sheets, and sea level as boundary conditions. Each simulation is run for
700-years to insure equilibrium conditions with the appropriate boundary conditions and
to represent the average climatology for each time period. Part I of our paper focuses on
a data-model comparison with our paleo simulations prior to analyzing changes in past
and future ENSO in Part II. We compare our simulations with the latest proxy

reconstructions used by PMIP for the mid-Holocene and LGM simulations. To evaluate
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the time periods not covered by PMIP, we apply new proxy compilation datasets with
less spatial coverage but better temporal coverage. Our simulation of the past also serves
a dual purpose: the Coupled Model Intercomparison Project (CMIP5) in preparing for the
upcoming Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC ARS) has deemed that the ability of a climate model to simulate the present
climate is not in itself sufficient to judge the quality of models used to simulate the
future. To gauge the ability of a climate model to simulate climates significantly
different from present, CMIPS5 will include simulations for the Last Glacial Maximum
(LGM, ~21,000 years ago) and mid-Holocene (~6,000 years ago) to test the model’s
ability to simulate climate different than today (Taylor et al., 2011). Comparing our
LGM and mid-Holocene simulations to both data and other models with provide us with
a new method to evaluate the quality of climate simulated by GENMOM.

The paper is organized as follows: in section 4.3 we describe our model
GENMOM and the boundary conditions used to force the model. In section 4.4 we
perform a data-model comparison for all our paleo time periods using the best available
proxy reconstructions. In section 4.5 we conclude our paper with a discussion and
summary of our main results. An analysis of the simulation of the tropical Pacific

climatology and past and future changes in ENSO is found in Part II of our paper.

4.3 Methods

4.3.1 The model
To perform our simulations of the past and future, we apply the new AOGCM,
GENMOM, which combines the atmospheric model GENESIS version 3 (Thompson and

Pollard, 1995; Thompson and Pollard, 1997; Pollard and Thompson, 1997) with the
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ocean model MOM version 2 (Pacanowski, 1996). The nominal AGCM resolution is
spectral T31 (3.75° x ~3.75°) with 18 levels. MOM2 is implemented on essentially the
same T31 grid and uses 20 fixed-depth levels. A land-surface transfer model (Land
Surface eXchange) accounts for the physical effects of vegetation (Pollard and
Thompson, 1995). The two models interact in an essentially synchronous manner,
communicating every 6 h. A detailed description of GENMOM is presented in Alder et
al (2011).

Formal evaluation of the present-day climatology simulated by GENMOM (Alder
et al, 2011) indicates that the model captures global circulation patterns. Atmospheric
fields such as the jet stream structure and major MSLP features are well simulated. The
simulated global 2 m air temperature is 0.6 °C warmer over oceans and 1.3 °C colder over
land. The model has a warm SST bias (1 — 2.5 °C) in the Southern Ocean and a
subsurface warm temperature bias (exceeding 2 °C) between 200—1000 m in the tropics
and mid-latitudes. Similar to other AOGCMs, GENMOM simulates a weaker-than-
observed Atlantic Meridional Overturning Circulation (AMOC): the maximum simulated
overturning is 14.5 £ 0.9 Sv, whereas the observed range is 16 - 18 Sv. Also similar to
other AOGCMs, GENMOM produces a split ITCZ. An evaluation of ENSO in the
GENMOM present-day simulations indicates the model produces a realistic ENSO that is
on par with the IPCC AR4 class models by simulating Nifio 3 - 4 indices that have a
standard deviation within 0.3 °C of the observations, a realistic frequency (5.6 year
period), and generally correct spatial patterns of temperature and precipitation

teleconnections (Alder et al., in prep).
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GENMOM is applied to simulate seven paleo time slices (21ka, 18ka, 15ka, 12ka,
Oka, 6ka, and 3ka), present-day, and two CO, sensitivity simulations (2x and 4x
atmospheric CO,) for a total of ten equilibrium simulations. The paleo simulations are
forced with the appropriate changes in sea level, ice sheets, insolation and trace gas
concentrations, while the CO, sensitivity simulations only alter atmospheric CO,. Each
of the ten simulations is run for 700-years, discarding the first 400-years as spin up,

leaving 300-years for our analysis.

4.3.2 Boundary conditions

In order to simulate climates of the past with reasonable quality, forcing the
model with realistic boundary conditions is vital. Unlike other mid-Holocene modeling
studies (Otto-Bliesner et al., 2003), we force each simulation with changes in insolation
(Berger, 1978), topography, bathymetry, ice sheet height and extent, atmospheric CO,,
CH4, and N,O. Vegetation is kept at modern distributions for all simulations because
global vegetation patterns at each time slice are not well constrained. For orographic
changes and changes in ice sheets, we make use of the ICE-4G model reconstruction
(Peltier, 2002). Anomalies between each time slice and the ICE-4G Oka orography are
interpolated from 1°x1° degree resolution to our T31 grid and applied to present-day
Scripps orography (Gates and Nelson, 1975). At T31 resolution, the Bering Strait is
closed and is allowed to remain so through all our simulations. Forcing the Bering Strait
to be open weakens the GENMOM present-day global ocean overturning, which is
already found to be weaker than observed (Alder, 2011). The Strait of Gibraltar is also

closed, leaving the Mediterranean isolated from the main ocean.
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Our derived land masks (Fig. 4.1) include ice sheet height and extent, as well as
isostatic effects caused by the depression of ice sheets and rebound once the ice sheets
are removed. Our land masks also include forebulging where much of the northern high
latitude bathymetry is raised in response to the crustal depression under the ice sheets.
Eustatic sea level lowering from reduced ocean volume is accomplished by a datum shift
to the new sea level, such that all land topography is increased accordingly. Shallow
ocean grid cells can become exposed to form new land grid cells (ie Indonesia, Papua
New Guinea and much of northern Europe and Asia). MOM2 uses a fixed depth grid, so
bathymetry is only changed if the datum shift forces the grid cell to the next depth level,
which leaves mid and deep ocean cells unaltered because the change in sea level is less
than the grid cell height.

The Laurentide, Cordilleran, Scandinavian, and Patagonian ice sheets are easily
identified in our land masks, as are their subsequent ablation through the Holocene.
Changes to ice sheet height are also implicitly made to both Greenland and Antarctica.
The paleo Lake Agassiz formed after glacial melt is simulated in the 9ka and 6ka time
slices, but is represented as an expansion of the Hudson Bay, which is not unexpected at
T31 resolution. The ICE-4G dataset includes an Eastern Siberian Ice Sheet, which is
included in the GENMOM land masks at 21ka and 18ka, though more recent evidence
suggests that this ice sheet did no exist (Sher, 1995; Felzer, 2001).

Insolation changes between LGM and present are largely dominated by the
precessional cycle, which shifts peak insolation (perihelion) from the Northern
Hemisphere winter to the summer. The changes in top of atmosphere (TOA) insolation

across our time slices are shown in Fig. 4.2. The 9ka simulation shows a large reduction
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Figure 4.2 Changes in top of atmosphere (TOA) insolation from the Oka simulation.
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in Southern Hemisphere insolation during January, whereas the Northern Hemisphere has
an increase in insolation during July. A reduction in Southern Hemisphere winter
insolation, and subsequent increase in Northern Hemisphere summer, between 15ka and
3ka, is the expected pattern of the precession of perihelion.

In addition to changes in land mask configuration and insolation, past trace gas
concentrations are applied as boundary conditions (Table 4.1). Trace gas concentrations
used in the model are estimated from ice core records by using a + 300 yr averaging
window around our time slice so that concentrations represent average conditions. The
Oka simulation is forced with 1995 trace gas concentrations, so that it is neither pre-
industrial nor true 0 years BP (1950), but is considered to be a present-day simulation.
As in Alder et al. (2011, in prep), the 2x and 4x simulations double (710 ppmV) and
quadruple (1420 ppmV) atmospheric CO; only, leaving CH4 and N,O at their 1995

concentrations.

4.3.3 Proxy reconstructions

A key aspect to using numerical climate models is being able to validate the
model output against observations, so that confidence can be built that the model is
capturing the dynamics needed to produce a realistic climate. In the present, this is
relatively easy as model output can be compared to real world observed data. The issue
becomes more complex when observations are sparse. Fields such as temperature,
precipitation, cloud cover, longwave and shortwave flux, and land cover are readily
available from satellite observations; although, those records are relatively short and only
extend to the late 1970s when satellite observations began. Other fields such as snow

depth and soil moisture are not well constrained even with the use of satellites. When
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Table 4.1 Atmospheric trace gas concentrations used in each simulation time slice. 21ka
to 3ka values are estimated from ice core records by averaging the gas concentration with
a £ 300 yr averaging window (CO; from Monnin et al., 2001, CH4 from Brook et al.
2000, N,O from Sowers et al. 2003).

CO; (ppmV) | CHs4 (ppbV) | N2O (ppbV)
4x | 1420 1714 311
2x | 710 1714 311
Oka |355 1714 311
3ka | 275 627 264
6ka | 260 596 227
9ka | 260 677 244
12ka | 240 500 246
15ka | 220 500 216
18ka | 188 382 219
21ka | 188 392 199
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longer records are needed that satellites cannot provide we must fall back solely to
instrumental observations that are taken at particular locations and times. Products such
as the HadISST v1 dataset provide a long record of sea surface temperatures from station
data, buoys, and onboard ship measurements that span back to the 1880s (UK
Meteorological Office, 2006). However, building a global dataset from sparse point data
has its own limitations. In many cases, very long qualitatively measured observations
exist such as crop yields in Europe or the flooding cycle of the Nile River. While these
records may extend many hundreds if not thousands of years, they are spatially limited to
only a few locations and can only be applied to those locations.

When reconstructing climates of the more distant past, climate archives such as
pollen records, ice cores, tree rings, and ocean sediments can be used as proxies for fields
such as temperature and moisture, thereby extending climate records well beyond the
instrumental record. Ice cores, for example, provide a wealth of information ranging
from trace gas concentrations to temperature and the frequency of volcanic eruptions
(Brook et al., 2000). There are many forms of paleothermometers that can be used to
reconstruct past temperatures. Ocean sediments can be cored and examined to determine
the ratio of Magnesium to Calcium (Mg/Ca) in the shells of planktic or benthic
foraminifera, which can then be used to infer past temperatures. Pollen assemblages
found in lakes can be used to determine past changes in plant species distributions. By
assuming that plant physiology was essentially the same in the past as it is today, pollen
records can be used to infer changes in temperature, moisture, and growing degree days
(Bartlein et al., 2010) by constructing analogues to modern plant distributions. Changes

in the extent of closed basin lakes can be utilized to infer changes in the moisture balance
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of the surrounding basin and hence region. Although many of these proxy records are
both spatially and temporally sparse, taken together they can be leveraged to evaluate the
quality of our paleo climate simulations. We utilize the best and most current proxy
reconstructions to evaluate how well our model simulations reflect reconstructed climates

of the past.

4.4 Data-model comparison

We compare our GENMOM paleo time slice simulations to available proxy
reconstructions to determine if the model can produce plausible LGM, deglacial and
Holocene climates. The PMIP project uses LGM simulations as to test models during
time periods with large, well defined, northern hemisphere ice sheets and a mid-Holocene
simulations to test the model response to known changes in seasonal insolation (ie
precession). Although we seek to evaluate all our paleo time slices, proxy
reconstructions tend to focus on the LGM and mid-Holocene, leaving us with sparse data
to evaluate the intervening periods. Proxy records such as ice cores have excellent
temporal coverage, but very poor spatial coverage at essentially one point in space. At
the other end of the spectrum, marine sediment based reconstruction datasets can have
excellent spatial coverage (near global), but are only available for a few time periods (ie
LGM and mid-Holocene). We make use of both types of records to evaluate our model
time slices, but also include new proxy compilations from Shakun et al. (in prep) and
Marcott et al. (unpublished) that balance reasonable spatial coverage with excellent

temporal coverage.
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4.4.1 Temperature

To evaluate the simulated large-scale changes in temperature, we compare
GENMOM to ice core isotope records at the North and South Poles (Fig. 4.3). The
GENMOM temperature is taken from essentially the same location as the real world ice
core sites. For Greenland we use the NGRIP 6'°0 oxygen isotope record (NGRIP dating
group, 2008) and for Antarctica we use 0D hydrogen isotope from EPICA Dome C
(Jouzel et al., 2007). Both records measure the ratio of the rare isotope (deuterium and
'80) to their much more abundant counterparts (hydrogen and '°0). The difference
between these ratios can be used as a paleothermometer. It should be noted that both
isotopic ratios are not strictly a reflection of temperature only, but can also be influenced
by changes in moisture. We assume these records primarily reflect changes in
temperature.

GENMOM captures the overall warming trend from glacial to interglacial but
does not capture finer features such as abrupt climate changes (ie Younger Dryas) seen in
the ice core records (Fig. 4.3). GENMOM captures the Antarctic warming between 18ka
and 15ka, although the warming is not as rapid as the observations indicate, the warming
is greater in Antarctica than in Greenland for this period. GENMOM shows a much more
gradual Greenland warming between 15ka and 9ka, however 12ka in the ice core is at the
onset of a rapid climate change event (the end of the Younger Dryas). If the 12ka
boundary conditions for trace gas concentrations and land mask configuration were ~500
years too young, the simulation would be further into the transition, as it appears to be in
Fig. 4.3. GENMOM does not exhibit much, if any, sign of a Holocene ‘climatic

optimum’ between 9ka and 6ka with a gradual cooling to Oka.
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Figure 4.3 GENMOM simulated temperature changes from 21ka to present for both
Greenland and Antarctica (a. and c.) along with isotopic proxy reconstruction from ice
cores (b. and d.). The Greenland ice core comes from NGRIP (NGRIP dating group,
2008). The Antarctic ice core comes from EPICA Dome C (Jouzel et al., 2007). The
GENMOM temperature time series are taken from the single grid cell that each ice core
is located in. Also note the GENMOM Oka is essentially 1995, the NGRIP data is from
2000 while the Dome C data is from 1950. A +300-year average of each ice core record
is plotted in red to compare the high-resolution data to the coarse GENMOM time slices.
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Instead, GENMOM has a warming to Oka, which may be attributed to our Oka simulation
actually being present-day rather than pre-industrial. A pre-industrial simulation may
have reflected the observed cooling. In Antarctica during the mid to late Holocene,
GENMOM simulates a gradual warming towards Oka rather than the stabilization at 9ka
— 6ka levels as seen in the Dome C record.

Fig. 4.4 compares GENMOM SST anomalies for the mid-Holocene (6ka) and
LGM (21ka) versus the GHOST (Leduc et al., 2010) and MARGO (MARGO Project
Members, 2009) reconstruction datasets. The MARGO dataset is the most complete
spatial reconstruction used in our analysis with nearly 700 data points. MARGO uses
paleothermometers in the form of microfossil-based transfer functions (planktonic
foraminifera, diatom, dinoflagellate cyst and radiolarian abundances) and geochemical
(alkenones and planktonic foraminifera Mg/Ca) analysis. The GHOST dataset also uses
alkenones and foraminifera Mg/Ca, but is much sparser with ~100 data points.

The simulated 6ka SST anomalies compare well to GHOST on the western coast
of North and Central America. GENMOM matches the cluster of data points off the
coast of Ecuador well, though there is one anomalous 1 °C warm record that stands apart
from the other points. The large positive anomalies along the coast of Chile are not
simulated, nor are any positive SST anomalies in that region. The GHOST dataset has
many positive anomalies in the Atlantic that GENMOM compare well to, where the
model displays cooling in the Atlantic at 6ka and the data generally indicate a warming.
GENMOM does simulate a warming in the Norwegian Sea, likely due to an insolation
driven sea-ice reduction. However, the warming is far below the 2°C anomalies in the

GHOST data. The simulated 6ka Mediterranean has a ~1°C anomaly, which is at odds
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Figure 4.4 GENMOM sea surface temperature anomalies from Oka compared to the mid-
Holocene GHOST dataset (Leduc et al., 2010) and the LGM MARGO dataset (MARGO
Project Members, 2009).



110

with the reconstruction that indicate strong warming. The eastern coastline of Asia is
well simulated; however the reconstruction of the warm pool region of Indonesia and the
Philippines have a warming whereas GENMOM indicate up to -1.5 °C cooling.
Likewise, GENMOM does not simulate a warming on the southern coast of Australia or
near New Zealand. In general, GENMOM has greater than 1 °C cooling in much of the
mid and tropical latitudes, and weak warming at some polar latitudes where sea ice plays
a strong role. Globally, the GHOST dataset indicates a mix of both regional warming
and cooling, but the data point coverage are predominantly coastal with no open ocean
data.

The MARGO reconstruction provides a much more comprehensive dataset than
GHOST, with global coverage that is not confined to the coastlines. The GENMOM
21ka simulation compares well to MARGO over much of the Pacific. GENMOM does
not simulate the strong negative anomalies along the western coast of the United States;
perhaps these anomalies are caused by changes in the California Current, which
GENMOM does not resolve (Alder et al., 2011). The MARGO reconstruction shows a
mix of positive and negative anomalies in the Pacific basin, most of these anomalies are
small regardless of sign, indicating GENMOM is too cold despite the ambiguity in the
observed record. The MARGO dataset exhibits stronger cooling in the far eastern Pacific
off the coast of Ecuador with less cooling in the central Pacific. GENMOM does not
simulate this uneven cooling, but rather has consistent cooling along the entire equatorial
Pacific. The GENMOM LGM anomalies in the Atlantic are similar to those of MARGO,
with perhaps somewhat too weak cooling in the equatorial Atlantic. The MARGO

reconstructions of the far north Atlantic are somewhat contradictory, with strong positive
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anomalies adjacent to strong negative anomalies. Anomalies greater than 1 °C in the
Arctic Circle imply warming relative to present-day, when sea-ice was surely more
extensive. Unlike the GHOST dataset, the MARGO reconstruction indicates the
Mediterranean as much cooler; GENMOM does simulate this but not to the same degree
as the proxies. The Indian Ocean and eastern Pacific are generally in good agreement,
where GENMOM is perhaps 0.5 °C too cold.

In order to evaluate the simulated surface temperature anomalies we use the proxy
compilations of Shakun et al. (in prep) for the deglacial and Marcott et al. (unpublished)
for the mid to late Holocene. Both of these compilations take existing published proxy
records with accurate dating control and apply them to a common chronology and
temporal resolution. Compared to MARGO, these proxy compilations sacrifice spatial
coverage (~70 — 80 data points each), but span more time periods. To apply these proxy
time series to our respective simulations, we take a £500-year average around each
GENMOM time slice, so that each point is representative of the mean temperature for
those millennia. Since both proxy compilations cover such a long period of time, but
many records do not span to Oka, all anomalies are taken from a 9ka mean (9.5ka — 8.5ka)
rather than to present-day.

Compared to the proxy reconstructions at 21ka, the GENMOM anomalies are
well simulated in the Pacific where the proxies indicate the model may be slightly too
warm near Japan, Indonesia, and the Philippines relative to 9ka (Fig. 4.5). Anomalies in
the Atlantic and Gulf of Mexico are well simulated, however the southern hemisphere
mid latitude Atlantic is too warm in GENMOM. The southern Australia and New

Zealand records also indicate GENMOM is too warm in the Southern Ocean. Similar to
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GENMOM 18ka - 9ka

15ka temperature reconstruction anomalies GENMOM 15ka - 9ka
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Figure 4.5 GENMOM 2 m air temperature anomalies (right) from 9ka compared to the
proxy compilation of Shakun et al. (in prep) for the deglacial period (left). Each record is
averaged using a £500-year window around each GENMOM time slice, to represent
mean conditions for those millennia.
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MARGQO, the proxy records indicate the Mediterranean as much cooler, whereas
GENMOM does not fully capture this cooling. The proxy and GENMOM anomalies at
18ka are by and large similar to those of 21ka.

At 15ka and 12ka the large Northern Hemisphere ice sheets had retreated
substantially and the seasonal timing of insolation had shifted. In both 15ka and 12ka
simulations the Gulf of Mexico and Ecuadorian proxies match well to the simulations.
The North Atlantic warmed relative to 21ka, but GENMOM is ~2 °C warmer than the
proxies indicate. During both 15ka and 12ka, the Southern Ocean warmed relative to
21ka, which GENMOM captures well, with the exception of the New Zealand proxies at
15ka. GENMOM compares well to the Indonesian and the Philippines anomalies, yet the
proxy records surrounding Japan indicate that GENMOM is too warm in this region.

At both 6ka and 3ka GENMOM simulates strong warming at high latitudes in
both hemispheres relative to 9ka (Fig. 4.6). As mentioned previously, the GENMOM
6ka and 3ka polar temperatures continue to increase, whereas ice core records indicate a
stabilization and even mild cooling (Fig. 4.3). The 6ka and 3ka proxy records show a
mix of positive and negative anomalies relative to 9ka, whereas GENMOM
predominately shows warming. The eastern coast of the United States and the Gulf of
Mexico show a mild to strong cooling, whereas GENMOM indicates mild to strong
warming. The high latitude northern Atlantic records show the same data-model
discrepancy. Proxies in Southeast Asia indicate a mix of positive and negative
anomalies, where GENMOM consistently has 0 — 1 °C warm anomalies.

While comparing model results to proxies provides an important metric of model

quality compared to observations, the sparse annual proxy data do not present a complete
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Figure 4.6 GENMOM 2 m air temperature anomalies (right) from 9ka compared to the
proxy compilation of Marcott et al. (unpublished) for the mid to late Holocene (left).
Each record is averaged using a +£500-year window around each GENMOM time slice, to
represent mean conditions for those millennia.
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picture of past temperatures that include possible changes in seasonality. Model to model
anomalies clearly show the influence of precession on insolation, where mid-Holocene
northern hemisphere winter is significantly colder than present over the large northern
hemisphere landmasses, due to a wintertime deficit in insolation (Fig. 4.7). Unlike other
mid-Holocene simulations that test precessional changes only (Otto-Bliesner et al., 2003),
our 6ka simulation includes a 95 ppmV reduction in atmospheric CO2 with a
corresponding ~1.5 °C decrease in global temperature. At 12ka, winter temperatures
over the northern hemisphere continents are reduced by greater than 6 °C and cool further
in the 21ka to 15ka simulations. The northern hemisphere Holocene had a wintertime
deficit in insolation relative to today, however, due to a precessional shift, summertime
correspondingly had a net positive anomaly. The 12ka — 6ka simulations all show strong
summertime warm anomalies over the Eurasian landmass, despite reduced greenhouse
gases (Fig. 4.8). The 21ka - 15ka simulations each exhibit larger than 6 °C cold
anomalies over the Laurentide, Cordilleran, Scandinavian ice sheets during summer
demonstrating the local and regional impact of the ice sheets. At 21ka insolation was
similar to present, yet the combined effect of albedo from massive northern hemisphere
ice sheets and lower greenhouse gases resulted in a ~6.8 °C global cooling annually (~9.8

°C cooling over land, ~5.2 °C cooling over the oceans).

4.4.2 Precipitation

While paleothemometers available in climate archives can be used to reconstruct
past temperature, past changes in precipitation can be quantitatively inferred from spatial
changes in pollen. Modern plant taxa ranges are defined by bioclimatic envelopes

derived from associating the observed distribution with a combination of climatic
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Figure 4.7 GENMOM December, January, February (DJF) 2 m air temperature anomalies
from Oka.
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Figure 4.8 GENMOM June, July, August (JJA) 2 m air temperature anomalies from Oka.



118

parameters such as mean annual temperature, precipitation, growing-degree days and the
number of freezing days. The bioclimatic envelopes can then be used to develop a
relationship between climatic parameters and species distributions. Fossil pollen records
provide insight into how plant distributions changed in the past, and by inference, how
the climatic envelopes must have been altered to support those changes in plant
distributions. A variety of statistical methods (inverse regression, weighted average,
artificial neural networks, modern analogue, response surface, and inversion of species
envelope models) are available to qualitatively infer climate from pollen distributions,
however each has its own strengths and limitations (Bartlein et al., 2010).

We use the fossil pollen reconstruction of Bartlein et al (2010) for the mid-
Holocene and LGM to evaluate changes in mean annual precipitation (MAP) in our 6ka
and 21ka simulations (Fig. 4.9). The mid-Holocene pollen reconstructions indicate the
western United States was wetter-than-present, while the east was predominantly drier.
Much of Africa, Europe and Asia were considerably wetter-than-present. Exceptions to
these generalizations are a localized drying in Scandinavia and a drying in southeast
Africa, including Madagascar. GENMOM captures the eastern United States drying at
6ka, but simulates drying in the west in contrast to the records indicating wetter-than-
present conditions. GENMOM simulates the mid-Holocene wet African conditions well,
with perhaps too much drying in the southeast region. The mid-Holocene simulations
indicate pervasive drying over northern Europe, northern Asia and China, where the
proxies exhibit coherently wetter conditions. In agreement with the pollen records,
GENMOM simulates increased precipitation in northeast China and Mongolia during the

mid-Holocene.
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Figure 4.9 Reconstructed changes in mean annual precipitation (MAP) from pollen
assemblages (Bartlein et al., 2010) for the mid-Holocene and LGM compared to
GENMOM simulated annual precipitation anomalies for the same time slices relative to
the Oka simulation.
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The GENMOM 21ka simulation is in better agreement with pollen records than the 6ka
simulation. GENMOM captures both increased precipitation in the southwest United
States and drying in the east. The simulation has drying over much of Alaska, which is
not in agreement with two records that indicate a strong increase in precipitation. The
simulated widespread drying over Europe and Asia agrees well with the pollen records.
The 21ka simulation has drying along equatorial Africa and a slight increase in
precipitation over South Africa. These patterns compare well to the proxy records,
however GENMOM has increased precipitation over Madagascar whereas one pollen
record indicates strong drying.

During the mid-Holocene, the precessional cycle shifts annual peak insolation
from northern hemisphere winter in present-day to summer during the Holocene. This
change in the seasonal timing of insolation enhances the temperature contrast between
winter and summer. The strengthened summertime (JJA) warming of northern
hemisphere continents enhances seasonal monsoons, which are driven by the contrast in
land and ocean temperatures. The 15ka — 6ka simulations have a strengthened African
and Indian summer monsoons, driven by the seasonal shift in peak insolation (Fig. 4.11).
As previously mentioned, the enhanced North Africa and Indian precipitation
corroborates well with the mid-Holocene pollen reconstructions. The GENMOM
simulation of enhanced monsoons corroborates with previous mid-Holocene modeling
studies (Kutzbach and Otto-Bleisner, 1982, Braconnot et al., 2007). The 21ka — 12ka
simulations have increased precipitation over Mexico and the southwest United States,
which is perhaps less due to a strengthened monsoon (as the 21ka precessional cycle is

similar to present-day), but rather a shift in the summer position of the subtropical jet



121

Figure 4.10 GENMOM December, January, February (DJF) precipitation anomalies from
Oka.
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Figure 4.11 GENMOM June, July, August (JJA) precipitation anomalies from Oka.
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stream. The strong drying in Central America between 21ka and 12ka support the
hypothesis of a shifted subtropical jet stream. Likewise, the LGM pollen records indicate
increased precipitation in the southwest United States. During winter (DJF) between
21ka and 15ka, much of Mexico is simulated to have strongly increased precipitation

(Fig. 4.10), which indicates the Central American drying is limited to summertime (JJA).

4.4.3 Net moisture

In addition to reconstructed temperature and precipitation, we would also like to
have information on how the net moisture balance changed in the past to evaluate our
paleo simulations. Net moisture (precipitation minus evaporation, P-E) can be inferred
from geological evidence for changes in height and extent (collectively know as status) of
lakes in the past. Closed basin lakes respond to changes in net moisture in a relatively
straightforward and well-understood way. Over some time period, closed basin lakes
attain equilibrium with their inputs (streamflow and precipitation) and their outputs
(evaporation from the lake surface). If a region becomes drier, lake volume is lost,
resulting in a reduction of height and extent (status). In overflowing lakes, changes in
status can be determined by the change in discharge. The Global Lake Status Data Base
(GLSDB, Kohfeld and Harrison, 2000; Harrison et al., 2003; Yu et al., 2001) records the
status of present and past lakes by using three values of status (high, intermediate, and
low). Taking anomalies between the past and present lake level status produces five
broad categories of change: much wetter than present, wetter than present, no change,
drier than present, much drier than present.

We use changes in lake status from the GLSDB from the mid Holocene and LGM

to present to compare to GENMOM simulated P-E anomalies between 6ka — Oka and
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21ka - Oka (Fig. 4.12). The 6ka reconstructed lake status for North America is primarily
a mix of reduced and no change, with only a few locations indicating increased lake
volume. GENMOM generally captures this pattern with a mix of little change and a few
regions of reduced net moisture. South America has a similarly mixed reconstruction that
GENMOM generally matches. The lake status data for the western coast of South
America indicate contradictory information, where regions of reduced lake volume are
directly adjacent to regions with increases in volume. In these locations, GENMOM
simulates reduced net moisture. Mid-Holocene northern Africa is particularly interesting
because past evidence of ecological and biological changes indicate that regions that are
now arid desert were lush savanna at the time (known as Green Sahara). The GLSDB
data clearly support this hypothesis with increased lake status across the northern portion
of the continent. In corroboration with the simulated 6ka precipitation, GENMOM shows
strongly increased net moisture, but, similar to nearly all mid-Holocene model
experiments, the wetting is confined to the equatorial region and does not expand as far
north as the lake status records indicate is should. Northern Europe and Asia are
characterized by either larger lakes or no change, with only a few isolated records
indicating lower lake status. As in the precipitation anomalies, GENMOM simulates less
precipitation and correspondingly reduced P-E in these regions at 6ka, which is in
conflict with the lake status records. GENMOM does simulate increased net moisture in
the Indian subcontinent, in agreement with the lake records.

At 21ka, the GENMOM simulation has increased net moisture in the
southwestern United States and Mexico, and reduced P-E in Central America, both of

which compare well to the lake status records. The combination of southwestern United
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Figure 4.12 Annual net moisture (precipitation minus evaporation, P-E) for Oka, 6ka, and
18ka with paleo lake level status over plotted (Kohfeld and Harrison, 2000; Harrison et
al., 2003; Yu et al., 2001). Anomalies between 6ka — Oka and 21ka — Oka are shown
(bottom) with changes in lake level status over plotted.



126

States wetting and Central American drying is in agreement with our hypothesis that the
subtropical jet stream shifted for part of the year during the LGM. The LGM lake status
for Africa are highly mixed with intermingled combinations of larger, smaller and
unchanged lakes. Despite the regional heterogeneity, the GENMOM 21ka simulation
appears to be in conflict with African LGM lake records in many locations. Lake levels
in northern China, Mongolia, and southern Russia are curious as they all indicate larger
lakes, whereas GENMOM generally shows reduced net moisture at these locations. The
Asian pollen records consistently show less precipitation, but there are no pollen records
for this region of northern China to help resolve this apparent contradiction. It may also
be that the drastic LGM temperature cooling overcomes the balance of P-E, such that
lakes are larger despite a general reduction in precipitation by evaporating less than the

input from precipitation.

4.4.4 Atmospheric fields

During both boreal winter (DJF, Fig. 4.13) and summer (JJA, Fig. 4.14) the
largest simulated changes in mean sea-level pressure occur over the northern hemisphere
ice sheets, where high pressure centers form in response to cold surface temperatures. In
winter, the Aleutian Low is strengthened in all past time slice simulations. Sea-level
pressure is increased over Asia between 9ka and 3ka, which is a response to precessional
induced cooling (Fig. 4.7). Between 21ka and 12ka, all high northern latitudes, including
areas not covered by ice sheets, have increased pressure due to general cooling. The
wintertime high-pressure region over North America is weaker than observed in Oka
(Alder et al., 2011), but is greatly strengthened between 21ka and 15ka due to the

Laurentide Ice Sheet. As first noted by COHMAP (COHMAP Members, 1988) a strong
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Figure 4.13 GENMOM December, January, February (DJF) sea-level pressure and wind
anomalies from Oka.
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Figure 4.14 GENMOM June, July, August (JJA) sea-level pressure and wind anomalies
from Oka.
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anticyclone develops over the Laurentide Ice Sheet during winter. During summer (JJA)
between 12ka and 3ka, the sea-level pressure anomalies over northern hemisphere
landmasses are the opposite of winter, because pressure is decreased due to insolation
driven warming. During the same periods, the Hawaiian High is strengthened. Between
21ka and 6ka the Azores High is strengthened during summer. Similar to winter,
pressure is greatly increased over the ice sheets.

The northern hemisphere winter (DJF) 500 hPa geopotential heights are generally
reduced due to global cooling (Fig. 4.15). Similar to sea-level pressure, the largest
changes in geopotential height is restricted to the northern hemisphere. The present-day
wintertime North American 500 hPa ridge is displaced eastward relative to observations
and is slightly too zonal (Alder at el., 2011). In our 21ka through 15ka time slice
simulations, the North American ridge is greatly increased meridionally resulting in
changes in geopotential height and wind patterns centered on Alaska. The 500 hPa jet
stream south of the Laurentide Ice Sheet is compressed meridionally and greatly
intensified between 21ka and 15ka. However, GENMOM does not simulate a distinct
split jet as found by COHMAP (COHMAP Members, 1988). Summertime (JJA) also
shows decreased 500 hPa geopotential heights in most latitudes, but with an increase
between 15ka and 6ka in the northern mid latitudes, associated with increased
summertime temperatures due to insolation in these periods (Fig. 4.16). Along with
increases in northern mid latitudes geopotential height, the northern hemisphere jet
stream is generally weakened between 15ka and 6ka during summer. Near the
Laurentide Ice Sheet between 21ka and 15ka, the jet stream shows the same meridional

compression and intensification as seen in winter.
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Figure 4.15 GENMOM December, January, February (DJF) 500 hPa geopotential height
and wind anomalies from Oka.
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Figure 4.16 GENMOM June, July, August (JJA) 500 hPa geopotential height and wind
anomalies from Oka.
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4.4.5 Atlantic Meridional Overturning Circulation

The Atlantic Meridional Overturning Circulation (AMOC) is part of a global
oceanic circulation that brings warm, salty water to the surface of the North Atlantic and
exports cold relatively fresh water southward in the deep ocean. This conveyor belt of
energy facilitates transporting warm tropical water to high latitudes and is a major
mechanism for distributing solar heating at the equator. A slowing or complete shutdown
of the AMOC reduces ocean heat transport to the North Atlantic and would subsequently
cool much of Europe (Rind et al., 1986). The GENMOM simulated AMOC is weaker
than observed in the present-day simulation (Alder et al., 2011). In addition, the
simulated AMOC time series does not follow the trend derived from Pa *'Pa/**°Th in
marine sediments which is a proxy for past AMOC strength (McManus et al., 2004; Fig.
4.17). Our GENMOM simulations are not expected to capture rapid or abrupt climate
change events with only eight time slices, such as the slowdown of Heinrich event 1
(~17ka). We did not include site-specific freshwater injection (“hosing”) in the North
Atlantic in our experiments so they cannot capture abrupt events that alter the AMOC
(Clark et al., 2001). The *'Pa/*Th record shows a gradual increase in AMOC strength
from LGM to Oka, whereas GENMOM shows a glacial to interglacial decline in AMOC
strength, with a rapid delcine and resumption at 9ka. An AMOC induced cooling of
Europe is not detectable in our time slices, which are dominated by the much stronger

forcings of ice sheets, insolation changes and greenhouse gases.

4.5 Discussion and Conclusions

This study is the first attempt at data-model comparison for the LGM, deglacial,

and Holocene using the new AOGCM, GENMOM, with a focus on reproducing past



133

25 -
= ;
2 20t |
&) :
Q :
2 5[ :
3 ;
= 10 e
- T]o.04
—10.06 £
g
—0.08
0.10

21ka 18ka 15ka 12ka 9ka ©6ka 3ka Oka 2X 4x

Figure 4.17 GENMOM simulated maximum Atlantic Meridional Overturning Circulation
(AMOC) compared to **'Pa/***Th marine sediment record from the Bermuda Rise

(McManus et al., 2004).
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Pacific climate and changes in ENSO strength, which is addressed in Part II of our paper.
Globally, GENMOM captures the glacial-interglacial changes in polar temperature
relative to ice core isotope paleothermometer records. Although the model captures the
general Holocene warming trend, with only eight simulations it is not expected to capture
finer scale details such as rapid climate change (ie the Younger Dryas) because the runs
are equilibrium simulations without event specific forcings such as freshwater injection.
The model also does not simulate a 6ka ‘climatic optimum’, but rather continues to warm
progressively to present. Reconstructed SSTs from the MARGO project are used to
validate the 21ka simulation. We find that the model is in good agreement over broad
spatial scales, with regional discrepancies between the model and proxy data. The
simulated LGM 1is globally ~6.8 °C cooler than present due to an increase in northern
hemispheric albedo from continental ice sheets and greatly reduced greenhouse gases.
To evaluate our 6ka mid-Holocene simulation we utilize the GHOST SST reconstruction
dataset. The reconstruction exhibits a mix of both regional SST warming and cooling
relative to present-day, whereas GENMOM simulates overall global cooling of SST,
which is associated with the lack of a simulated mid-Holocene ‘climatic optimum’. To
evaluate temperature for the time slice simulations not covered by MARGO and GHOST
we apply the new data compilations of Shakun et al. (in prep) for the deglacial and
Marcott et al. (unpublished) for the mid to late Holocene. Using these new proxy
compilations requires creating all anomalies from the 9ka simulations, stipulating any
biases in our 9ka simulation will propagate to the anomalies in all other time slices
Comparisons with these datasets suggests GENMOM is 1 - 2 °C too warm over Japan,

Indonesia, Philippines, and the Southern Ocean during the deglacial and generally too
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warm in the mid to late Holocene where the proxies show a mix of warming and cooling
at 6ka and 3ka.

Fossilized pollen reconstructions from the mid-Holocene indicate the western
United States was wetter-than-present, while the east was predominantly drier. Much of
Africa, Europe and Asia were considerably wetter-than-present. The GENMOM 6ka
simulation agrees well with pollen records from Africa and the eastern United States, but
does not agree with pollen proxies from the western United States, Europe and Asia.
LGM pollen reconstructions exhibit widespread drying over Europe and Asia, while
indicating increased precipitation in the southwest United States and drying in the east.
The GENMOM 21ka simulation agrees very well with these patterns, but also
recognizing that the pollen data are sparse.

The GENMOM mid-Holocene and LGM simulations are compared to
reconstructed lake status records from the Global Lake Status Data Base (GLSDB) to
evaluate changes in net moisture (precipitation — evaporation, P-E) to changes in lake
volume. The model captures the observed mid-Holocene drying in the western United
States and increased moisture in northern Africa, though the increased moisture does not
extend to the northern most limit of the continent. GENMOM simulates a mid-Holocene
reduction in net moisture over much of Europe, which is in conflict with pollen
reconstructions that generally indicate larger or unchanged lake levels. GENMOM
agrees well with an LGM increase in P-E in the western United States. GENMOM does
support an expansion of northeastern Chinese lakes at the LGM, where Asian pollen

records show decreased annual rainfall. These larger lakes could be caused by reduced
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evaporation due to cold LGM continental temperatures, despite reduced precipitation
(Hostetler and Benson, 1990).

Globally, GENMOM simulates a reasonable climatology that is in general
agreement with the best proxy reconstructions available. Our mid-Holocene simulations
have a strengthened Indian summer monsoon, which is in agreement with previous
modeling and proxy studies. The enhanced mid-Holocene monsoon is expected to
influence the strength of ENSO events by strengthening west Pacific trade winds, thereby
suppressing large events from developing. A detailed analysis of the tropical Pacific
climatology and its influence on past and future strength of ENSO is provided in Part II

of our paper.
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5.1 Abstract

A new coupled atmosphere-ocean climate model, GENMOM, is applied to
simulate past changes in the strength of the El Nifio/Southern Oscillation (ENSO) to help
expand our knowledge of both changes in past ENSO and to provide context for future
changes. Equilibrium simulations are performed for the LGM (21ka), delgacial (18ka
and 15ka), Holocene (12ka, 9ka, 6ka, 3ka), present-day, as well as a doubling (2x) and
quadrupling (4x) of atmospheric CO,. A global description and data-model comparison
for these simulations are detailed in Part I of our paper. Mean state changes in the
strength of Bjerknes feedbacks are analyzed to find ENSO was weaker and less frequent
in the past and is simulated to be stronger and more frequent under the 2x and 4x
atmospheric CO; scenarios. The Holocene simulations indicate a ~20% reduction in
ENSO strength, in good agreement with the proxy reconstructions from corals and
laminated lake records that indicate a 15% - 60% reduction in ENSO strength. A
precessionally forced strengthening of the Indian summer monsoon, enhancing west
Pacific trade winds that in turn inhibit ENSO development, drives weakening of ENSO in
the Holocene. ENSO strength in the LGM is simulated to be weakened by ~25%, which
1s not found to be caused by changes in equatorial Pacific dynamics but rather mean state
cooling that weakens the tropical thermocline. The 2x and 4x simulations have a strongly
enhanced ENSO caused by disproportionate warming of the eastern Pacific relative to the
western Pacific, which weaken the east-west Pacific surface temperature gradient,

allowing larger anomalies, and hence ENSO events, to develop.
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5.2 Introduction

The 1982-83 and 1997-98 El Nifo events were the strongest in the historical
record, leaving scientists asking if the El Nifio/Southern Oscillation (ENSO) is changing
because of global warming (Fedorov and Philander, 2000). A great number of studies
have been performed to understand changes in ENSO using climate models forced with
increased greenhouse gases (Collins, 2000a; Collins, 2000b; Guilyardi, 2006; Merryfield,
2006). Studying changes in future ENSO is complicated by the fact that only about 26 El
Nifio events have occurred since the early 1900s. The sea surface temperatures (SSTs)
prior to the 1940s are sparse in coverage and different measurement techniques were
used, which reduces the number of events for which we have accurate data to compare
models to. To improve our knowledge of how ENSO may change in the future, we
applied an Atmosphere-Ocean General Circulation Model (AOGCM) to simulate past
ENSO, which can be compared to proxy records from corals and lake sediment records.
Our simulation of the past also serves a dual purpose: the Coupled Model
Intercomparison Project (CMIP5) in preparing for the upcoming Fifth Assessment Report
of the Intergovernmental Panel on Climate Change (IPCC ARS) has deemed that the
ability of a climate model to simulate the present climate is not in itself sufficient to judge
the quality of models used to simulate the future. To gauge the ability of a climate model
to simulate climates significantly different from present, CMIP5 will include simulations
for the Last Glacial Maximum (LGM, ~21,000 years ago) and mid-Holocene (~6,000
years ago) to test the model’s ability to simulate climate different than today (Taylor et

al., 2011). Comparing our LGM and mid-Holocene simulations to both data and other
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models with provide us with a new method to evaluate the quality of climate simulated
by GENMOM.

Fossilized corals from Papua New Guinea have been used to reconstruct near
monthly variations in sea surface temperature and salinity during distinct periods in the
past. These variations have been used to gauge the strength of ENSO in the past
(Tudhope et al. 2001; McGregor and Gagan, 2004), where reduced variability in the
Sr/Ca ratio in the corals implies weakened ENSO. The Tudhope et al. (2001) coral
record is particularly important because the youngest corals display variability that
matches well with observed ENSO events within the instrumental record, but the coral
record also spans 130,000 years and indicates ENSO was active during glacial times.
The Papua New Guinea corals (Tudhope et al. 2001; McGregor and Gagan, 2004)
indicate weakened ENSO during the mid-Holocene, but and stronger-than-present ENSO
between 2.5-1.7ka.

Laminated lake sediments in Ecuador that span the past 12,000 years
continuously, imply a weakened ENSO during the mid-Holocene (Rodbell et al., 1999;
Moy et al., 2002). The lake sediment record overlaps and correlates well with the
historical record, adding confidence that the data captures past ENSO strength reasonably
well. This sediment record indicates that ENSO was stronger-than-present at 1.5ka,
weaker during the mid-Holocene, and very weak or not existent between 7ka — 10ka.
The laminated lake data were reanalyzed by Rodo and Rodriguez-Arias (2004) who
found the original analysis of Moy et al. (2002) was in error and that the 7ka - 10ka
reduction in ENSO was greatly overstated. The revised analysis indicates ENSO was

reduced by about a third during this period but was still clearly present.
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Interpretation of each of these records implicitly assumes the temperature and
precipitation teleconnection to the proxy location was essentially stationary, that is, the
same in the past as it is today, which can be questioned with independent evidence.
Although each proxy estimates ENSO strength differently, a 15 — 60% reduction in mid-
Holocene ENSO strength is a consensus range supported by the proxy records. Sea
surface temperature reconstructions for the LGM are difficult to interpret regarding
ENSO changes as many reconstructions show conflicting results regarding changes in the
Pacific east-west temperature gradient (CLIMAP Project Members, 1981; Lea et al.,
2000; Koutavas et al., 2002; MARGO Project Members, 2009). Cole (2001) provides a
summary of mid-Holocene ENSO changes and Donders et al. (2008) provides a listing of
ENSO related proxies.

Climate models of intermediate complexity (EMICs) and coupled models
atmospheric and ocean general circulation models (AOGCMs) broadly capture the mid-
Holocene reduction in ENSO strength, but often exhibit modest reductions that are below
or in the lower range supported by proxies. Using the Zebiak-Cane ENSO model,
Clement et al. (1999) found that ENSO strength could be orbitally controlled by forcing
their model with Milankovitch changes in insolation. The mid-Holocene reduction in
their simulation was explained as being forced by precession, which caused asymmetric
east-west heating of the Pacific during summer (JJA) when ENSO events typically
develop. The asymmetric heating would strengthen the summertime east-west Pacific
temperature gradient and the easterly trade winds that would inhibit development of El

Nifio events (Clement et al., 2000).
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Many fully coupled AOGCM simulations have been performed that generally find
a precession-driven strengthening of the Indian summer monsoon caused the mid-
Holocene reduction in ENSO rather than an asymmetric heating of the Pacific. The
monsoon enhanced easterly trade winds interact with ENSO dynamics by strengthening
windstress, increasing convection, and steepening the east-west Pacific surface
temperature gradient, all of which are thought to dampen ENSO strength in the mid-
Holocene (Liu et al., 2000). Liu et al., (2000) originally put forth the Indian summer
monsoon — ENSO hypothesis and supported the hypothesis by applying an AOGCM.
Simulated reductions of ENSO strength of about 20% at 6ka and 14% at 11ka,
corroborates well with the coral and lake proxies. Brown et al. (2006) found a somewhat
weaker reduction of 12%.

Otto-Bliesner et al. (2003) performed a more extensive study including
simulations for 3.5ka, 6ka, 8.5ka and the LGM. Their mid-Holocene simulations show a
reduction (8%, 15%, and 10% respectively) whereas the LGM simulation shows a 20%
increase in ENSO strength. Otto-Bliesner et al. (2003) invoke changes in the mean state
of the tropical thermocline gradient as the cause of weakened ENSO rather than the
monsoon enhancement hypothesis put forth by Liu et al. (2000). An et al. (2004)
simulate a stronger LGM ENSO, but for the opposite reason identified by Otto-Bliesner
et al. (2003). More recently, Zheng et al (2008) show that many of the PMIP2 model
simulate a monsoon-driven weakening of ENSO during the Holocene (six models have a
2.9 — 22.5% reduction) but the models show mixed results at the LGM (three out of four
models have a reduction). The simulated weakening of LGM ENSO lacks a mechanistic

explanation; Zheng et al (2008) concluded the changes are less related to windstress and
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equatorial dynamics but rather to a mean state cooling of the tropical Pacific with a
weakened thermocline gradient. While these models do simulate a mid-Holocene
reduction in ENSO strength, many of them are on the low end of the 15 — 60% reduction
found in the proxy records.

Here our goal is to explore past changes in ENSO from the LGM to present-day
using the new AOGCM, GENMOM. GENMOM is applied to simulate past climate for
21,18, 15,12, 9, 6, 3, Oka. These time-slice simulations illustrate how the simulated
ENSO strength varied in the past compared to proxies, and they provide context for
quantifying the evolution of ENSO under changes in trace gas forcing through a doubling
(2x) and quadrupling (4x) of atmospheric CO,. A full description of our experimental
design and methods are given in Part I of our paper. We assume changes of the tropical
Pacific climatology are due to the boundary conditions we impose on the model, not a
strengthening or weakening of ENSO, which becomes circular. For the purpose of
comparing past changes in ENSO strength to proxy reconstructions, we are not interested
in specific mechanisms of ENSO development such as the delayed-oscillator (Schopf and
Suarez, 1988; Suarez and Schopf, 1988; Battisti and Hirst, 1989), recharge-discharge
oscillator (Jin 1997), or extra-tropically forced by North Pacific storms (Chiang et al.,
2009).

The paper is organized as follows: in section 5.3 we discuss climatological
changes in the tropical Pacific and components related to mechanisms of ENSO
development and how those changes impact the overall strength of ENSO. Using the
MARGO (MARGO Project Members, 2009) and GHOST (Leduc et al., 2010) datasets,

as described in Part I, we compare the simulated tropical Pacific SSTs to proxy
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reconstructions. In section 5.4 we detail changes in the strength and frequency of ENSO
in our simulations as well as a brief discussion of the simulated teleconnections. Finally,

we conclude our paper with a discussion and summary of our main results.

5.3 Simulated pacific climatology

Prior to analyzing changes in ENSO strength, we first assess changes in the
tropical Pacific climatology and how differences in Bjerknes feedback related
components is expected to alter ENSO strength. Alder et al. (in prep) concluded that
GENMOM simulates a tropical Pacific climatology that is generally similar to IPCC AR4
class models. However, the western warm pool is found to be too cool and eastern cold
tongue too warm relative to observations. Although the model does not produce a
tropical Pacific that is identical to the real world, simulated past and future changes in the
east-west temperature gradient, equatorial windstress, east Pacific upwelling, and the
strength of the tropical are expected to interact to alter the strength of ENSO.

During non-ENSO periods, the tropical Pacific is in a quasi-stable balance
between SSTs and windstress related to trade wind convergence in the Intertropical
Convergence Zone (ITCZ). Warm westerly waters give rise to buoyant air masses that
drive deep tropical convection. Once lifted to the upper atmosphere, these air masses
become divergent and are propagated eastward by upper atmospheric westerly winds.
Cool eastern Pacific surface temperature causes surface divergence, which causes the
upper atmospheric air mass to subside. Once at the surface, easterly winds complete the
loop by forcing the air mass westward to the region of deep tropical convection. This
convective loop is known as the Walker Circulation. Windstress caused by strong

easterly winds force an oceanic response in the form of eastern coastal upwelling. The
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upwelled water is cool and is brought to the surface, helping to maintain the east-west
temperature gradient. This balance of winds, water temperature and upwelling
interactions are collectively known as Bjerknes feedbacks (Bjerknes, 1969).

ENSO events are a disruption of the Walker Circulation where the Bjerknes
feedbacks are either weakened (EI Nifio) or strengthened (La Nifia). El Nifio events
occur when the easterly trade winds relax, allowing the warm western waters to
propagate eastward, thereby weakening the east-west temperature gradient. Since the
convective branch of the Walker Circulation is centered on the region of warmest water,
the eastward expansion of warm water forces an eastward shift of the convective branch.
The position of convection strongly influences the location and intensity of rainfall over
Southeast Asia and South America. The reduced windstress caused by the relaxed winds
weakens upwelling, which helps to further reduce the east-west temperature gradient. La
Nifia events are generally the opposite of El Nifio: the easterly trade winds strengthen
which enhances upwelling along the coast of South America bringing more cool water to
the surface thereby strengthening the east-west surface temperature gradient (Neelin et
al., 1998). The increased easterly wind strength forces warm westerly surface waters
west with the accompanying westward shift of rainfall.

Some authors use the terminology ‘La Nifa-like’ or ‘El Nifio-like’ to describe
changes in mean Pacific SSTs under global warming scenarios or when describing past
climate. We avoid this terminology here as we feel it adds confusion regarding the cause
and effect of the warming or cooling. Changes in eastern Pacific SSTs can be caused by

non-ENSO related sources, such as changes in the heat transport of subtropical gyres.
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5.3.1 Comparison of simulated Pacific sea surface temperature with data

The degree to which sea surface temperatures changed in the tropical Pacific
during the LGM and mid-Holocene is a widely debated topic. The CLIMAP LGM
reconstruction (CLIMAP Project Members, 1981) indicates cooling of 2 °C in the west
Pacific and 0 - 1 °C in the east Pacific, while other reconstructions indicate eastern
Pacific cooling was much greater (Trend-Staid and Prell, 2002; Feldberg and Mix, 2003).
For our purpose here, we use proxy records from the MARGO and GHOST
reconstructions over the western and eastern Pacific to compare with our simulated
changes in SST (Table 5.1). The MARGO reconstruction indicates ~2 °C cooling in the
equatorial Pacific, with no change in east-west gradient. Our GENMOM 21ka simulation
also display ~2 °C cooling, with no change in basin SST gradient. The GHOST mid-
Holocene data indicate cooling of less than 0.5 °C with a small change in gradient, which
matches our 6ka simulation. It should be noted, however, that our 6ka simulation has a
net cooling of ~1 °C greater than seen in GHOST. Although the GHOST dataset does
not show a significant change in east-west gradient, Mg/Ca based records from the
Galapagos Islands indicate the gradient increased by ~0.5 °C between Ska and 8ka
(Koutavas et al., 2002). Although our lack of simulated gradient change at 21ka and
minimal change at 6ka are in conflict with other modeling studies (Otto-Bliesner et al.,
2003) they are consistent with the MARGO and GHOST datasets, indicating GENMOM
1s simulating realistic past temperature changes in the equatorial Pacific.

Comparison of the model time slice simulations for boreal winter (Fig. 5.1) and
summer (Fig. 5.2) changes in tropical Pacific SSTs clearly indicate the 3ka, 2x and 4x

simulations have a reduced east-west temperature gradient. Wintertime (DJF) cooling of
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Table 5.1 Observed and simulated changes in SSTs for the West Pacific (10°S — 20°N,

100°E — 140°E) and the East Pacific (10°S — 10°N, 120°W — 80°W). MARGO and

GHOST values are averages for all data points within the region.

West Pacific (°C) | East Pacific (°C) | Gradient Change (°C)
MARGO (21ka) | -1.97 -1.98 0.01
GENMOM (21ka) | -2.27 -2.30 0.03
GHOST (6ka) -0.24 -0.40 0.16
GENMOM (6ka) |-1.24 -1.41 0.17
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the eastern cold tongue is present at 6ka, but not during summer (JJA), resulting in a
modest annual change in the east-west gradient. There is disproportionately more
cooling in the North Pacific than in the south between 15ka — 6ka, which is indicative of
the wintertime (DJF) deficit in insolation. Changes in the east-west temperature gradient
are calculated as the difference in SSTs between the Warm Pool (WP, 5°N - 5°S, 130°E -
170°E) and the Cold Tongue (CT, 5°N - 5°S, 130°W - 170°E). Using the more narrowly
defined WP and CT regions (Fig. 5.3a), the 21ka simulation has a small gradient change
relative to Oka (-0.17), which is not in conflict with earlier finding of no gradient change
compared to MARGO. The regions used in Table 5.1 were chosen to represent average
changes in western Pacific and eastern Pacific temperature, and to include as many proxy
reconstructions in the region as possible, whereas the smaller WP and CT regions have
very few proxy records. The simulated temperature gradient is stronger from 9ka to 3ka,
which would result in weakening of ENSO strength through Bjerknes feedbacks. The 2x
and 4x temperature gradient is reduced substantially beyond any of the other time slices,

implying strengthened ENSO.

5.3.2  Windstress

The east-west Pacific temperature gradient serves to enhance the strength of the
easterly winds, such that a stronger gradient should enhance windstress along the
equatorial Pacific. Indeed, the simulated Nifio 4 (5°N — 5°S, 160°E — 150°W) windstress
1s a mirror image of the east-west temperature gradient (Fig. 5.3b), indicating the degree
to which they are coupled. Similar to the temperature gradient, the 6ka and 9ka
simulations have the strongest windstress, whereas the 2x and 4x simulations have the

weakest windstress. Enhanced windstress inhibits the formation of anomalies (ENSO
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Figure 5.1 Detailed Pacific SST changes relative to Oka during December, January,
February (DJF).
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Figure 5.2 Detailed Pacific SST changes relative to Oka during June, July, August (JJA).
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Figure 5.3 Changes in past and future mean state conditions related to Bjerknes
feedbacks. a) The difference in the Warm Pool (WP, 5°N - 5°S, 130°E - 170°E) and the
Cold Tongue (CT, 5°N - 5°S, 130°W - 170°E) SSTs, b) Nifio 4 windstress, ¢) Vertical
temperature gradient between the surface and 113 m depth in the Nifio 3 region, d)
Volume of annually upwelled water in the Nifio 3 region.
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events), whereas weak windstress favors the development of stronger anomalies, which

lead to ENSO events.

5.3.3 Monsoon interactions

Based on analyses of ENSO dynamics, Liu et al. (2000) hypothesized that
enhanced Nifio 4 windstress during the mid-Holocene was associated with a
strengthening of the Indian monsoon, which is known to influence ENSO strength in the
present-day (Webster and Yang, 1992). Using an AOGCM, Liu et al. (2000) found that
insolation driven strengthening of the Indian summer monsoon increased west Pacific
windstress subsequently reducing ENSO strength in mid-Holocene simulations. Our 21ka
— 15ka simulations produce enhanced windstress between January and June, and
weakened windstress between August and November. Whereas the 12ka — 3ka increase
in windstress primarily occurs between June and September (not shown), which are the
key months for the Indian summer monsoon. The annual average Nifio 4 windstress for
our 9ka and 6ka simulations is enhanced by ~15%, near the 20% increase reported by Liu
et al. (2000). In contrast, the Nifio 4 windstress is reduced by 20% and 40% in the 2x and

4x simulations respectively, which will allow larger ENSO events to develop.

5.3.4 Upwelling and thermocline

Both the simulated thermocline gradient (Fig. 5.3c) and Nifio 3 upwelling (Fig.
5.3d) are consistent with strengthened Bjerknes feedbacks during the paleo simulations
and weakened feedbacks during the 2x and 4x simulations. The thermocline gradient is a
measure of the strength of upper ocean temperature stratification. Stratification is
thought to have been weakened during the Holocene by equatorward transport of warm

subducted water from southern mid latitudes (Liu et al., 2003). These warm subsurface
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waters are caused by insolation anomalies during summer (JJA). Modeling studies have
identified a more diffuse and weakened thermocline as a potential cause of reduced
ENSO strength (Liu et al., 2000; Meehl et al., 2001; Otto-Bliesner et al., 2003).
Enhanced equatorial windstress will strengthen east Pacific upwelling, bringing
additional cold water to the surface. A cooler eastern Pacific will increase the east-west
temperature gradient and drive stronger trade winds, both of which culminate to suppress
ENSO development. Our 12ka — 3ka simulations show increased Nifio 3 upwelling
between June and September, which corroborates with timing of enhanced Nifio 4
increase in windstress. All of our paleo time slice simulations have a thermocline
gradient that is weaker than Oka, with corresponding stronger than Oka upwelling. The 2x
and 4x simulations show distinctly weaker upwelling and sharper thermocline, indicating
GENMOM is simulating a new regime in the tropical Pacific that is not seen in the paleo

simulations, which will undoubtedly impact the strength of ENSO events.

5.3.5 Walker Circulation

Changes in the strength and location of the Walker Circulation are an integral part
of ENSO variability, but proxy evidence to support such atmospheric changes does not
exist. All of our paleo simulations have stronger Bjerknes feedbacks relative to Oka, they
also all display increased convection in the west and increased subsidence in the east
(Fig. 5.4). The 21ka — 12ka simulations display increased subsidence at 100 °E,
increased convection between 110 °E and 160 °W, and increased subsidence between 160
°W and 80 °W during winter (DJF). The westernmost positive anomalies in these time
periods indicate subsidence over Indonesia and the Philippines during winter, a feature

not present in the Oka simulation or observations. Shin et al. (2003) found an eastward
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shift of the Walker Circulation in a LGM simulation with an associated reduction in west
Pacific precipitation. The 21ka simulation does have an eastward expansion of the zone
of convection, with the accompanying changes in precipitation, but the western boundary
of the region of convection is generally in the same location as in the Oka simulation.
Both the 6ka and 3ka simulations have strongly reduced convection centered at ~170 °E,
indicating the zone of convection is more confined westward, yet negative anomalies in
the far western Pacific indicate convection is strengthened despite being more confined.
In the 2x and 4x simulations presented here, Alder et al. (in prep) found that with
increased warming the western zone of deep tropical convection weakened and was
displaced eastward by 15 - 20° and the corresponding zone of subsidence in the east was
also weakened. The mean state eastward displacement produced a more confined region
of ENSO action, and significantly reduced SST variability in the Nifio 4 region in the 4x

simulation.

5.4 Analysis of past and future ENSO

Thus far we have demonstrated that the GENMOM time slice simulations are
generally in good agreement with the MARGO and GHOST proxy SST reconstructions,
combined with the analysis of Alder et al. (in prep), we conclude that our simulations of
Pacific climate are reasonable. In agreement with Liu et al. (2000), Otto-Bliesner et al.
(2003), Brown et al. (2006), GENMOM simulates a mid-Holocene strengthening of the
Indian summer monsoon, a weaker and more diffuse thermocline, and an increase in the
east-west Pacific temperature gradient with attendant enhancement of equatorial trade
winds. All of these modeling studies produce a 12-20% reduction in mid-Holocene

ENSO strength, which is at the lower end of the reduction inferred from lake sediments
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and coral. Since our simulated strengthening of Bjerknes feedbacks is similar to these
studies, we expect GENMOM to have a comparable reduction in mid-Holocene ENSO
strength.

Proxy records are used to infer ENSO strength in a number of different ways,
which are often inconsistent both among the types of proxies and authors. For example,
Tudhope et al (2001) estimate ENSO strength as the variability in 8'*0 within the ENSO
band; however, the Ecuadorian lake sediment records analyzed by Rodbell et al. (1999)
are interpreted as recording discrete El Nifio events that are strong enough to cause
geomorphological responses in lake laminates. Thus there are records of high frequency,
lower amplitude ENSOs and records of lower frequency, and higher magnitude threshold
ENSO responses. To address the differences in how corals and lakes measure ENSO, we
analyze both changes in variability in the ENSO band (3 — 8 years) and changes in the

number of El Nifio event occurrences.

5.4.1 The Nifio 3 index

Monthly sea surface temperature anomalies in the Nifio 3 region provide a useful
metric for ENSO strength (the Nifio 3 index). Although GENMOM produces peak
variability in the Nifio 4 region (Alder et al., in prep), we adopt the Nifio 3 index, which
is where variability is greatest in the observations. There are many ways to define what
constitutes an ENSO event (Quinn et al., 1978; SCOR, 1983; Wolter and Timlin, 1993).
We use the definition of an El Nifio (La Nifia) event as a period when SST anomalies in
the Nifio 3 region remain above 0.5 °C (below -0.5 °C) for six consecutive months in a
five month smoothed time series (Trenbeth, 1997). The Nifio 3 indices for all our time

slice simulations are shown in Fig. 5.5. The time series clearly show stronger events
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under 2x and 4x atmospheric CO; levels. The amplitude of events prior to Oka are
generally weaker, specifically at 18ka and 12ka. The standard deviation of the Nifio 3
index bandpassed with a 3 — 8 year filter clearly illustrates the strength of ENSO was
reduced in the past, whereas the 2x and 4x simulations have a stronger than present
ENSO (Fig. 5.6a), as expected from our analysis of Bjerknes feedback components. All
of the paleo time slices display less variability than Oka, in accordance with the proxy
records. With the exception of the 6ka simulation, our mid-Holocene simulations display
a ~20% reduction in the variability of ENSO. At 6ka, ENSO is reduced to a lesser degree
(10%), but is still in agreement with the proxy records (Moy et al., 2002). The 21ka —
15ka simulations exhibit less ENSO variability with a reduction between 20 — 25%. Our
LGM ENSO, which is weaker than that of Oka, contrasts with other modeling studies that
found ENSO was enhanced at the LGM due to favorable background conditions and a
shoaling of the thermocline (An et al., 2004). However, a weaker ENSO at 21ka is
consistent with some of the PMIP2 models (Zheng et al., 2008).

To compare changes in the strength of ENSO to proxies that record discrete, large
events (Rodbell et al., 1999; Moy et al., 2002), we analyze changes in the number of El
Nifio events that occur in our simulations, so that our measure of ENSO strength is
applicable to these proxies. The time series of El Nifio counts (Fig. 5.6b) is similar to the
trend seen in the standard deviation of the Nifio 3 index, wherein past ENSO is weaker
than present and stronger in the 2x and 4x simulations (Fig 5.6a). There are ~8 El Nifio
events per century in our 6ka simulation, which corresponds well to the 6 - 12
events/century inferred from the Papua New Guinea corals between 7.6 - 5.4ka

(McGregor and Gagan, 2004). Our Oka simulation have ~13 EI Nifio events/century
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which is somewhat lower than the 19 events/century McGregor and Gagan (2004) found
between 1950-1997, confirming the finding of Alder et al. (in prep) that GENMOM
simulates lower-than-observed ENSO frequency. Based on the number of El Nifio counts
(Fig. 5.6¢), rather than changes in standard deviation, our paleo simulations have 25 —
50% fewer El Nifio events, in better agreement with the proxies than the simulated
change in variability. By limiting our analysis to medium and strong events (defined as
peak SST anomalies >= 1.0 °C), the 12ka, 9ka and 3ka simulations indicate an even
greater 40 — 60% reduction (6ka remains anomalously strong). In the Nifio 3 region, the
2x and 4x simulations have a 17% and 30% increase in variability and a 29% and 57%
increase in the number of medium to strong El Nifio events.

Analyzing changes in the number of events may be useful for comparison to
certain types of proxies, however changes in the Nifio 3 index standard deviation is more
common in model-to-model comparisons. The paleo time slice simulations generally
have the same east-west trend as the Oka simulation, where the highest variability is
simulated in the Nifio 4 region and the lowest in Nifio 3 (Fig. 5.7). The 2x and 4x
simulations show a dramatic reduction in Nifio 4 variability associated with the eastward
shift and the Walker Circulation (Alder et al., in prep). The 21ka simulation also has
reduced Nifo 4 variability, but does not appear to be associated with changes in the
Walker Circulation (Fig. 5.4).

Proxy records have difficulty detecting changes in ENSO frequency because
many of the interpretations rely on thresholds to define ENSO events. In the case of the
laminate lake records from Ecuador, fewer El Nifio event counts do not necessarily imply

reduced frequency, but rather that the events are weaker and no longer induce a
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geomorphological response. In the case of climate models, changes in ENSO frequency
can be evaluated by performing wavelet analysis on the Nifio 3 SSTs (Fig. 5.8). As noted
by Alder et al. (in prep), the 4x simulation has a decreased period of 4.6 years compared
with the present value of 5.6 years. The paleo time slice simulations generally have less
spectral power (associated with weakened ENSO) and longer periods, with the exception
of 6ka and 3ka, which have slightly more frequent events. The wavelet spectra also
reveal a trend of strong semi-annual power (6-month peak) and weak annual power in the
4x simulation to the opposite at 21ka (weak semi-annual, strong annual). It is unclear
how the GENMOM simulated semi-annual cycle in the eastern tropical Pacific impacts
the model’s ability to simulate ENSO. Some authors note a strong annual cycle results in
reduced ENSO strength (Timmermann et al., 2007), which generally agrees with our
results, with the exception of the 12ka simulation that has both weak ENSO and weak

annual cycle.

5.4.2 Bjerknes feedbacks and ENSO strength

The Pacific mean climate is generally in a quasi-stable balance between Walker
Circulation strength (convection, surface easterly winds, and subsidence), the east-west
temperature gradient, and eastern upwelling, where ENSO events are a disruption of this
balance. In our ten simulations we find the strength of ENSO is directly related to
changes in these Bjerknes feedbacks (Fig. 5.9). Western windstress and the east-west
SST gradient share a near linear relationship (Fig. 5.9a) where stronger easterly winds
setup a stronger temperature gradient, and the stronger gradient enhances winds in a
circular, positive feedback. If we view our ten simulations as a sensitivity test of

Bjerknes — ENSO strength feedbacks (different boundary conditions notwithstanding) it
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becomes clear that changes in the mean state govern ENSO strength in our simulations.
While it is not surprising that the strength of Bjerknes feedbacks are directly related to
ENSO strength, it is perhaps surprising how linear the relationship between windstress
and ENSO strength and between upwelling and ENSO are in GENMOM considering the
complexity of the dynamic interactions that make up ENSO (Fedorov and Philander,
2001). The relationship between the east-west Pacific temperature gradient and ENSO
strength is less clear, but does indicate a weaker gradient corresponds to stronger ENSO.
We also note Bjerknes feedbacks, and hence ENSO strength, in the 2x and 4x simulations
are well outside of the Oka — 21ka simulation range, indicating the tropical Pacific under
global warming may be operating in a new regime with greatly strengthened ENSO, the
likes of which have not been seen in the past 21,000 years.

The poor match between the simulated past AMOC and the proxies is of some
concern regarding ENSO. Using five AOGCMs Timmermann et al. (2007) found
weakening the AMOC tends to weaken the annual cycle of SSTs in the Pacific, which in
turn strengthens ENSO. Our simulations do show weakening AMOC is associated with
strengthening of ENSO; however, our paleo time slice simulations have a rapidly
changing AMOC between 6ka and 12ka (Part I Fig. 4.17), which does not correspond to
changes in ENSO strength (Fig. 5.6a), indicating the AMOC maybe a minor influence on

ENSO strength in GENMOM.

5.4.3 Interaction with the Indian monsoon
Many modeling studies have found mid-Holocene simulations have a
strengthened Indian summer monsoon, due to increased northern hemisphere seasonality

driven by precession (e.g., Kutzbach and Otto-Bleisner, 1982, Braconnot et al., 2007),
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and that a strengthened monsoon suppresses ENSO by enhancing western Pacific
windstress (Liu et al., 2000; Brown et al., 2008). Our simulations also exhibit a
strengthened Indian summer monsoon between 15ka and 6ka (Part I Fig. 4.11) that
corresponds to the time of increased summer (JJA) insolation (Part I Fig. 4.2). To
quantify the change in the Indian monsoon, we use the All India Rainfall index (AIR,
Sontakke et al., 1993) which is defined here as the sum of June — September (JJAS)
rainfall between 5 °N — 30 °N and 60 °E — 100 °E over land grid cells only (Fig. 5.10b).
Between 15ka and 9ka, and also in the 2x and 4x simulations, the simulated
Indian monsoon is distinctly stronger than that of the Oka simulation. Precipitation
anomalies for 6ka indicate increased summer (JJA) rainfall (Part I Fig. 4.11), but the AIR
index is similar to Oka. As previously discussed, GENMOM does simulate strengthened
JJAS windstress in the mid-Holocene simulations, which weaken ENSO via Bjerknes
feedbacks. The correlation between the seasonal AIR index (seasonal anomalies) and
Nifio 3 index illustrates that monsoon strength is negatively correlated to ENSO strength,
with a stronger-than-Oka correlation from 12ka — 3ka (Fig. 5.10c). The Oka correlation
value of ~-0.1 is lower than the values found by Liu et al. (2000) and Brown et al. (2008)
which are -0.28 and -0.38 respectively, but the mid-Holocene increase in correlation

matches their results, indicating the strength of the monsoon influences ENSO strength.

5.4.4 Seasonal timing / phase locking

Observations indicate that El Nifio events typically develop during summer (JJA),
peak in winter (DJF), and decay sometime during the following spring (MAM), requiring
interactions between the seasonal cycle of SSTs and winds. This seasonal interaction,

known as phase locking, can be seen in the historical average of El Nifio seasonal timing
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(Fig. 5.11). Like many non-flux correct AOGCMs (AchutaRao and Sperber, 2006;
Guilyardi, 2006), GENMOM does not exhibit the characteristic summer initiation and
winter peak, but rather the model develops ENSO events in any season. This is likely
caused by GENMOM incorrectly simulating the Pacific SST seasonal cycle by including
an anomalous semi-annual cycle that is not seen in observations.

The mechanism put forward by Clement et al. (1999) to explain an insolation
driven mid-Holocene weakening of El Nifio events calls for a late summer strengthening
of equatorial winds due to strengthening the east-west Pacific temperature gradient. The
mechanism requires the east-west gradient to increase during summertime when El Nifio
events typically develop, thereby inhibiting events from fully developing and prematurely
peaking in fall (SON) rather than winter. Since the events do not have enough time to
mature, they peak with less strength than in present-day (Clement et al., 2000). We
cannot test the mechanism described by Clement et al. (1999) to explain our GENMOM
mid-Holocene reduction of ENSO strength for three reasons: (1) GENMOM does not
phase lock to the seasonal cycle in the Oka or 9ka simulations, where the 9ka seasonal
timing (or lack thereof) is generally unchanged relative to Oka (Fig. 5.11). (2)
GENMOM produces a mid-Holocene reduction in east Pacific windstress in late summer
(September and October, not shown) rather than an enhancement. However, GENMOM
does simulate enhanced west Pacific windstress between June through September, which
is associated with a strengthening Indian monsoon. (3) The GENMOM mid-Holocene
simulations show only a slight increase in the summertime east-west Pacific temperature
gradient (Fig. 5.2), which is part of the driving force for ENSO suppression in the

Clement et al. (1999) hypothesis.
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5.4.5 Teleconnections

Changes in past spatial patterns of temperature and precipitation associated with
ENSO events are important to the interpretation of proxies as many proxies rely on 8'*0
or similar isotopic ratios that capture both changes in temperature and precipitation. A
change in spatial teleconnection could wrongly be interpreted as a change in the strength
of ENSO. Analyses of isotopic based proxies often assume the past teleconnection
spatial patterns were essentially the same as they are today, unless independent evidence
supports a change in moisture or temperature. Our time slice paleo simulations indicate
this assumption is generally valid as global teleconnections for both temperature and
precipitation are similar in the paleo simulations as they are in the Oka simulation. The
Oka simulation indicates India has a cool temperature teleconnection during El Nifio
events; this teleconnection is weakened between 12ka — 3ka and reversed to a warm
temperature teleconnection from 21ka tol5ka. This reversal is not seen during La Nifia
events. In the Oka simulation, North America has a strong warm temperature
teleconnection during El Nifio events, Alaska a cool temperature teleconnection, and
Central America a cool temperature teleconnection. This pattern generally holds through
all our paleo simulations, but the Central American cool teleconnection is greatly
strengthened between 21ka and 15ka. In the Oka simulation, the western Pacific Warm
Pool and Indian Ocean have a strong increase in precipitation during La Nifia events,
which is associated with warm SSTs and the zone of convection being forced westward
by strengthened winds. This pattern holds in all our paleo simulations, but is noticeably
weaker at 21ka and 18ka. While Alder et al. (in prep) find a few drastic changes in

ENSO teleconnections in the 2x and 4x simulations, our paleo simulations by and large
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have spatial patterns that are consistent with the Oka simulation, which adds credibility to
the assumption used in proxy analysis that teleconnections in the LGM and late-Holocene
were similar to those seen today. Our finding that LGM teleconnection patterns are
largely the same as present is in conflict with the work of Otto-Bliesner et al. (2003) who
found a weakened precipitation teleconnection to the location of the Papua New Guinea
corals, 10% reduced mean precipitation at those sites, and an eastward shift in the Walker

Circulation, both of which impact the interpretation of Papua New Guinea corals.

5.5 Discussion and Conclusions

The ability to simulate reasonable changes in past Pacific temperature is key to
simulating past ENSO. Using broad area averages, GENMOM simulates an LGM
cooling in the eastern and western Pacific in agreement with the MARGO reconstruction,
with ~2 °C cooling in both east and west Pacific regions. The GENMOM mid-Holocene
simulations indicate a cooling between 1.2 — 1.4 °C, which is a degree colder than SSTs
found in the GHOST dataset. Though these bulk area averages are in agreement with the
proxy records, smaller more focused regions on the equatorial Pacific (where there are far
fewer, if any proxy records) show a 0.3 °C increase in the mid-Holocene east-west
temperature gradient, and a 0.7 °C reduction in the LGM temperature gradient. The east-
west Pacific surface temperature gradient in the 21ka simulation is slightly weaker than
in the Oka simulation, 18ka — 12ka are similar to Oka, and 9ka — 3ka simulations are
stronger than Oka. The east-west temperature gradient is sharply reduced in the 2x and 4x
simulations where the east Pacific cold tongue warms significantly when forced by
increased atmospheric CO,. The 18ka - 3ka simulations all exhibit enhanced windstress

in the Nifio 4 region, while the mid-Holocene simulations primarily have stronger winds
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between June and September (JJAS) that is associated with a strengthened Indian summer
monsoon. The Indian summer monsoon is strengthened due to increased northern
hemisphere seasonally forced by positive summer (JJA) insolation anomalies because of
a precessional shift in the timing of peak insolation (Kutzbach and Otto-Bleisner, 1982,
Braconnot et al., 2007). Upwelling in the eastern Pacific is greatly strengthened in our
21ka — 3ka simulations and weakened in the 2x and 4x simulations, each with
corresponding changes in the vertical thermocline temperature gradient.

The observed ENSO proxy records indicate a 15 — 60% reduction in mid-
Holocene strength, but these proxies fundamentally capture changes in ENSO strength in
different ways. To address these differences in types of proxies, we provide an analysis
of ENSO strength based on both variability in the ENSO band (3 — 8 years) and the
number of El Nifio event occurrences. The variability based metric indicates our mid-
Holocene simulations have ~20% reduced ENSO strength, which is in good agreement
with the proxy records, while our deglacial simulations show a 25% reduction in strength.
The 2x and 4x elevation atmospheric CO, simulations show a striking 17% and 29%
increase in variability. Using the occurrence based metric of strength, our mid-Holocene
simulations have 25 — 50% fewer El Nifio events, while the deglacial and LGM
simulations have 35 — 40% fewer El Nifo events. To correspond with the increased
variability in the 2x and 4x simulations, these simulations show 29% and 57% more
medium and strong El Nifio events respectively. Wavelet analysis is used to confirm that
ENSO events in our paleo time slices are generally less frequent and less intense,

whereas the 2x and 4x simulations are more intense and more frequent.
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Our analysis shows a near linear relationship between ENSO strength and west
Pacific windstress as well as between ENSO strength and eastern upwelling. The
relationship between the east-west Pacific temperature gradient is less clear, where
simulations with a gradient between 3.5 — 4.2 °C can have essentially the same ENSO
strength. However, the 2x and 4x simulations clarify this by displaying a strongly
weakened east-west gradient produces a greatly enhanced ENSO strength. The 2x and 4x
simulations indicate that the mean state Bjerknes feedbacks (western windstress, east-
west temperature gradient, and eastern upwelling) in those simulations are well outside
the range seen in the paleo time slice simulations, contributing to a new regime in the
tropical Pacific that has enhanced ENSO strength and frequency.

We propose the following mechanisms are controlling ENSO strength in each of
our time periods:
(1) The 2x and 4x simulations have an enhanced ENSO due to strong warming of the
cold tongue associated with increased atmospheric CO, (Figs. 7 and 8), which greatly
reduces the east-west temperature gradient, slackens easterly winds, greatly weakening
upwelling, and sharpening the thermocline gradient.
(2) The mid-Holocene simulations have an insolation driven enhanced Indian
summer monsoon, which strengthens west Pacific easterly winds, thereby inhibiting
ENSO, which is in agreement with other mid-Holocene modeling studies (Liu et al.,2000;
Brown et al., 2008; Zheng et al, 2008). The 12ka - 3ka simulations have a stronger than
present correlation between the Nifio 3 index and the All India Rainfall (AIR) index, even

when the 3ka monsoon is weaker than Oka.
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3) The 21ka — 15ka simulations have ENSOs that are weaker than those of the mid-
Holocene, but the cause of this reduction is not well resolved by our analysis. The 21ka
and Oka simulations share similar east-west Pacific temperature gradients and Nifio 4
windstress, but despite the similar windstress, the 21ka simulation has much stronger
upwelling. Our analysis does not include a non-ENSO source of enhanced upwelling or
weaker than present thermocline gradient, but they appear to play a role in suppressing
ENSO at the LGM (which could also apply to the Holocene simulations. We prefer the
mechanistic explanation of an enhanced Indian summer monsoon).

The significantly reduced ENSO strength in our LGM simulation is in direct
conflict with the findings of Otto-Bliesner et al. (2003) and An et al. (2004), who find a
stronger LGM ENSO. However, Otto-Bliesner et al. (2003) attributes the stronger LGM
ENSO in their simulation to a sharpened thermocline gradient, while An et al. (2004)
attribute the strengthening in their simulation to a shoaling of the thermocline. Results
from our 2x and 4x simulations indicate a stronger ENSO is associated with a sharper
thermocline gradient, as found in Otto-Bliesner et al. (2003). Using models from PMIP2,
Zheng et al. (2008) found that three out of four models studied have a reduced LGM
ENSO, while one simulated a stronger ENSO at LGM. Changes in LGM ENSO strength
are found to be less conclusive than in the mid-Holocene simulations, and are generally
more related to mean tropical cooling and a weakening of the tropical thermocline rather
than changes in equatorial dynamics (Zheng et al., 2008).

Teleconnections in the paleo time slice simulations are similar to those of the Oka
simulation, which may help validate the assumption of stationary teleconnections used in

proxy analysis. The largest exception to stationary teleconnections in our paleo
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simulations is an Indian temperature anomaly reversal during El Nifio events from a cold
negative anomaly in Oka to a warm positive anomaly at 21ka — 15ka. It should be noted
though that the sign of the Oka teleconnection does not match that of observations (Alder
et al., in prep), so this finding should be interpreted with caution.

Although our simulations show a reduced mid-Holocene ENSO within the range
reported by proxy evidence and is in good agreement with other model simulations, our
findings are fundamentally bound by the limitations of the model. Like any model,
GENMOM does not produce a perfect representation of real world ENSO. The ENSO
simulated by GENMOM is demonstrated to be on par with other models (Alder et al., in
prep), yet the lack of seasonal phase locking and the simulation of an east Pacific
temperature semi-annual cycle may be serious limitations to the application of
GENMOM to testing ENSO related hypotheses. Such is the case with the Clement et al.
(1999) hypothesis on a mid-Holocene insolation driven reduction of ENSO strength. The
hypothesis requires an accurate simulation of the Pacific seasonal cycle regarding
temperature, seasonal winds, and the location of the ITCZ. GENMOM cannot affirm or
refute this hypothesis because the model lacks the required seasonality in the tropical
Pacific. Moreover, by keeping vegetation constant our simulations may be
underestimating past changes due to the lack of vegetation-climate feedbacks. In
addition to benefiting from improved models, more complete proxy reconstructions are
needed in order to rigorously validate past climate simulations. Although the MARGO
reconstruction has excellent spatial coverage, the GHOST reconstruction has very few
points in the Pacific Warm Pool and none in the open ocean, limiting our knowledge of

how the east-west temperature gradient changed in the past. There are very few pollen
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reconstructions in South America, Southeast Asia, and Australia to validate modeled
changes in precipitation or teleconnections. Despite these caveats, GENMOM is shown
to simulate tropical SST changes in agreement with the best proxies available and
simulates reduced ENSO strength within the proxy range of 15 — 60%, despite both

limitations of the model and the reconstruction data.
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Chapter 6: Conclusions

Chapter 2 concludes that GENMOM produces a global climatology and
atmospheric circulation that compare well to three AOGCMs and observations. The
simulated global 2 m air temperature is 0.6 °C warmer over oceans and 1.3 °C colder
over land. Cold SST anomalies in the Norwegian Sea are explained by excessive sea-ice
in both winter and summer, which is in turn caused by weak Atlantic Ocean overturning.
A warm bias in the Southern Ocean is attributed to a weak ocean overturning resulting in
a poor simulation of the Deacon Cell, which suppresses associated cold water upwelling
in the Southern Ocean. GENMOM simulates a double ITCZ when coupled with the
OGCM, which is not present when GENESIS is coupled to a slab ocean.

The global ocean temperature is well simulated, with the exception of a warm bias
between 200 — 1000 m in the tropics and mid-latitudes. Salinity is well simulated, but
with a fresh bias in the North Atlantic caused by underrepresentation of narrow channels
(i.e., the Norwegian Sea) at T31 model resolution and a 1+ PSS salinity bias in the
northern mid latitudes originating in the Gulf of Mexico. Ocean overturning is simulated
with the correct spatial pattern, but is generally weaker-than-observed. Weak meridional
ocean overturning is attributed to (i) weak and northwardly displaced westerly winds in
the Southern Hemisphere due to coarse topography and (ii) a narrow and shallow Drake
Passage also due to coarse orography. Most ocean surface currents are well simulated by
GENMOM, with the exception of narrow currents such as the Gulf Stream and the
Kuroshio Current that are weaker-than-observed again due to the coarse T31 resolution.

Northern Hemisphere Sea-ice is well simulated with the exception of excess sea-ice in
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the Norwegian Sea. However, the Southern Hemisphere sea-ice extent is too small
compared to observations.

Chapter 3 analyzes the fidelity of ENSO produced by GENMOM, finding that it
is on par with eight IPCC AR4 models. The Nifio 3 - 4 indices have a standard deviation
within 0.3 °C of the observations, indicating GENMOM is producing variability in the
tropical Pacifc that is comparable to observations. However, the model simulates western
Pacific SSTs that are too cool and eastern Pacific SSTs that are too warm and too zonal,
resulting in a weaker-than-observed east-west Pacific surface temperature gradient.
GENMOM produces a semi-annual temperature seasonal cycle that is not seen in the
observations but is not uncommon in AOGCMs. The model simulates ENSO events with
a realistic frequency (5.6-year period) and generally correct global spatial patterns of
temperature and precipitation teleconnections

Using 300-year CO; sensitivity experiments, GENMOM simulates more frequent
and higher amplitude ENSO events with CO,-driven global warming, specifically at 4x
atmospheric CO; levels. ENSO events are more intense due to disproportionate heating
of the eastern Pacific than the western Pacific, such that the east-west temperature
gradient is reduced by ~34% in the 4x simulation. The weakened east-west temperature
gradient slackens west Pacific windstress by 38% and thereby weakening east Pacific
upwelling by ~32% in the 4x simulation. EOF analysis of the 4x simulation reveals the
ENSO region of action is constrained by 15-20° on its western boundary, resulting in a
westward shift in the Walker Circulation.

Chapter 4 applies GENMOM to simulate past climates for the LGM, deglacial,

and Holocene and compares model output to the best available proxy reconstructions for
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the LGM and mid-Holocene. GENMOM captures the glacial-interglacial changes in
polar temperature but does not simulate a 6ka ‘climatic optimum’; instead the model
continues to warm progressively to present. Reconstructed SSTs from the MARGO
project are used to validate the 21ka simulation, finding the model is in good agreement
over broad spatial scales, with regional discrepancies between the model and proxy data.
The simulated LGM is globally ~6.8 °C cooler than present due to an increase in northern
hemispheric albedo from continental ice sheets and greatly reduced greenhouse gases.
The GHOST reconstruction dataset is used to validate mid-Holocene SSTs, finding
GENMOM is cooler than the data indicate due to a lack of a ‘climatic optimum’.

Fossilized pollen reconstructions from the mid-Holocene indicate the western
United States was wetter-than-present, while the east was predominantly drier. Much of
Africa, Europe and Asia were considerably wetter-than-present. The GENMOM 6ka
simulation agrees well with pollen records from Africa and the eastern United States, but
does not agree with pollen proxies from the western United States, Europe and Asia. The
model captures the observed mid-Holocene increased moisture in northern Africa, though
the increased moisture does not extend to the northern most limit of the continent. The
mid-Holocene simulations have a strengthened Indian summer monsoon, which is in
agreement with previous modeling and proxy studies.

LGM pollen reconstructions exhibit widespread drying over Europe and Asia,
while indicating increased precipitation in the southwest United States and drying in the
east. Although the pollen data are sparse, the GENMOM 21ka simulation agrees very
well with these patterns. Though LGM lake level reconstructions are sparse, the model

agrees well with an LGM increase in P-E in the western United States.
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Chapter 5 leverages the seven paleo simulations performed and evaluated in
Chapter 4 as well as the 2x and 4x simulations performed in Chapter 3. ENSO events in
the mid-Holocene simulations are weakened by 20%, in good agreement with the 15 —
60% reduction as indicated in coral and lake sediment proxy records. The reduction is
associated with an enhancement of Bjerknes feedbacks that drive stronger winds,
enhanced east Pacific upwelling, and increased east-west Pacific surface temperature
gradient. This mid-Holocene weakening of ENSO is caused by a precessionally-driven
enhancement of the Indian summer monsoon that enhances west Pacific trade winds
during summer, thereby weakening ENSO strength, which is supported by previous
modeling studies. The 21ka — 15ka simulations have a 25% reduction in ENSO strength,
which is not explained by changes in equatorial dynamics but rather mean tropical
cooling and a weakening of the tropical thermocline. As in Chapter 3, the 2x and 4x
simulations have an enhanced ENSO due to strong warming of the cold tongue associated
with increased atmospheric CO,, which greatly reduces the east-west temperature
gradient, slackens easterly winds, greatly weakening upwelling, and sharpening the
thermocline gradient.

The ten simulations produced by this thesis provide exciting opportunities for
future work regarding high-resolution regional downscaling for North America. The
LGM simulation provides an opportunity to study the influence the Laurentide Ice Sheet
had on regional climate, including altered patterns of plant distributions. The
combination of the simulations produced by this thesis and regional modeling allow for
detailed studies of how ENSO teleconnections are downscaled and how they impact

North America. Chapter 3 notes a temperature sign reversal for the teleconnection to the
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western United States under both El Nifio and La Nifia events. The impacts of this sign
reversal are best studied by applying regional modeling for the western United States.
Outside of regional downscaling, Chapter 5 concludes the cause of 2x and 4x enhanced
ENSO strength is caused by an asymmetric warming of the eastern Pacific, which greatly
reduces the east-west temperature gradient. This thesis does not explore the source of the
asymmetric warming, which should be done in future work in order to have a stronger

mechanistic explanation for strengthened ENSO events under global warming.



