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ABSTRACT OF THE THESIS

Comparison of Community Climate System
Model Simulations and Paleoclimate Data for
the Western Pacific Warm Pool Climate during
the Last Glacial Maximum

by

Dustin Edwin Pittman

Master of Science in Atmospheric and Oceanic Sciences
University of California, Los Angeles, 2012

Professor Aradhna Tripati, Chair

A highly debated research topic has been understanding the magnitude of trop-
ical cooling in the western Pacific warm pool (WPWP) from the Last Glacial
Maximum (LGM) to present-day. Paleoclimate data indicates a range of LGM
cooling from 1-5°C. Using a radiative-convective model with an entraining plume
calculation, the present-day and LGM snowlines can be explained with a ~3.5°C
surface cooling in the WPWP during the LGM. NCAR’s CCSM 3 and 4 simulate
LGM cooling of ~2°C. By comparing the results of CCSM3 and CCSM4, the
higher resolution CCSM4 replicated LGM boundary conditions more accurately,
increased LGM precipitation rates ~0.4 mm/day, and reduced the transport of
drier subtropical air from the Northern Hemisphere into the WPWP. One of the
major issues in the CCSM identified in this thesis is the propagation of a tempera-
ture signal associated with the boundary layer over mountains to the upper-levels

of the troposphere.

1



The thesis of Dustin Edwin Pittman is approved.

David Neelin
Jonathan Mitchell

Aradhna Tripati, Committee Chair

University of California, Los Angeles

2012

1l



TABLE OF CONTENTS

1 Imtroduction . . . . . . . . . .

1.1 Last Glacial Maximum . . . . . . .. .. .. ... ... ... ..
1.2 Western Tropical Pacific Warm Pool . . . . . . ... ... .. ..
1.3 Proxy data and Snow Linedata . . . . . .. ... ... ... ...
1.4 LGM modeling efforts . . . . . ... ..o 0oL
1.5 CCSM3 . . .
1.6 CCSM4 . . . . . e

1.7 Atmospheric Convection and Entrainment . . . . .. .. ... ..

2.2 Applying an entraining plume model to study the modern and
LGMeras . . . . . . . . .

23 CCSM analysis . . .. . . .. . .

Results and Discussion . . . . . . .. ... ... ... L.
3.1 Present-day mean vertical temperature profiles in the WPWP

3.2 Applying an entraining plume model to study the modern and
LGM . .

3.3 CCSM analysis . . . . . .. .. .. ...

v



4 Conclusion

5 Figures . .

References . .



5.1

5.2

5.3

5.4

Li1sT OF FIGURES

From CLIMAP Project Members (1976), SST, ice extent, ice ele-
vation, and continental albedo for Northern Hemisphere summer
(August) 18,000 years ago. CLIMAP found warm pool cooling of
~1°C during the LGM. Contour intervals are 1°C for isotherms
and 500m for ice elevation. Continental outlines a sea level low-
ering of 85m (believed sea level lowering at the time). Albedo
values are given by the key. (A) Snow and ice; albedo over 40%.
Isolines show elevation of the ice sheet above sea level in meters.
(B) Sandy deserts, patchy snow, and snow covered dense conif-
erous forests; albedo between 30-39%. (C) Loess, steppes, and
semideserts; albedo between 25-29%. (D) Savannas and dry grass-
lands; albedo between 20-24%. (E) Forested and thickly vegetated
land; albedo below 20%. (F) Ice-free ocean and lakes, with isolines

of SSTs in °C; albedo below 10%. . . . . . . . .. ... ... ...

Location of proxy records of LGM SST included in the MARGO

reconstructions [30]. . . . . . ... Lo

Map of reconstructed LGM annual mean temperature anomalies
for the 30°S-30°N tropical band computed as LGM-World Ocean
Atlas 1998 [34]. . . . . . . .

LGM ice sheet boundary conditions for PMIP where the height is

in meters relative to sea level [42]. . . . . .. ... ...

vi

95

26



5.5

5.6

5.7

5.8

5.9

5.10

5.11

Annual mean changes in surface air temperature at the LGM. Av-
erage of all the PMIP simulations interpolated to the same grid:
(top) the 7 simulations using CLIMAP SSTs and (bottom) the
8 simulations using computed SSTs. Fields represent the LGM
present-day values. Isolines at -20°C, -14°C, -8°C, -6°C, -4°C, -
2°C, -1°C, 0°C, 1°C. Dark grey above 1°C and light grey below
D0°C [27]. © oo 58

Model average surface air temperature change (LGM-0k) in °C

from the PMIP2 LGM database. . . . . . . . . .. . .. ... ... 59

PMIP3 LGM boundary condition for ice sheet extent and height
(in meters) from the PMIP3 dataset. . . . . . ... ... ..... 59

Differences in annual-mean total surface precipitation between the

GPCP dataset and CCSM3 indicating model biases [11]. . . . . . 60

Differences in annual-mean surface temperature between the HadISST

dataset and CCSM3 indicating present-day model biases [11].. . . 60

Mean SST (°C) from the Hurrell et al. (2008) observations. The
observations use (1870-99) and all runs use (871-900) [18]. . ... 61

Differences of model land surface air temperature (°C) from ob-
servations from 1950-99. Models use the twentieth-century run.
In (c¢) and (f) green (red) areas are where CCSM4 (CCSM3) is
in better agreement with the observations; gray areas indicate no

difference [18]. . . . . . . . .o 62

vil



5.12

5.13

5.14

5.15

5.16

5.17

5.18

Annual mean change in surface skin temperature (°C) for CCSM3

(top) and CCSM4 (bottom) calculated as LGM-PI runs contoured

at -30°C, -20°C, -10°C, -5°C, -4°C, -3°C, -2°C, -1°C, 0°C, and 1°C 63

Annual mean change in precipitation rate (mm/day) for CCSM3
(top) and CCSM4 (bottom) calculated as LGM-PI runs coun-

toured at -3,-2,-1,0, 1, 2, and 3 mm/day. . . . . ... ... ...

Fraction of land above sea level representing model topographic
boundary conditions contoured at 0.1 increments where 1.0 is com-

pletely above sea level and 0.0 is below sea level. . . . . . . . . ..

Annual mean surface pressure (in hPa) for the WPWP denotes
the topographic increases due to higher resolutions in the CCSM4
model runs (bottom) compared to the lower resolution CCSM3

model runs (top). Contours are in 20hPa increments. . . . . . . .

Annual mean change in surface skin temperature for CCSM3 (top)
and CCSM4 (bottom) calculated as LGM-PI runs contoured at -

5°C, -4.5°C, -4°C, -3.5°C, -3°C, -2.5°C, -2°C, -1.5°C, -1°C, and

Annual mean change in 600hPa temperatures (°C) for CCSM3
(top) and CCSM4 (bottom) calculated as LGM-PI runs. . . . . .

Annual mean change in 510hPa temperature (°C) for CCSM3 (top)
and CCSM4 (bottom) calculated as LGM-PI runs. . . . . . . . ..

viil



5.19 From Tripati et al., (in review), sites studied and modern temper-
atures in the warm pool. Shown are core localities study (Ocean
Drilling Program Site 806B, MD97-2138, and V24-109) and moun-
tains in Papua New Guinea and Borneo that were glaciated at the
LGM (Tr = Mount Trikora, Ki = Mt. Kinabalu, Gi = Mt. Giluwe,
Wi = Mt. Wilhelm, Vi = Mt. Victoria, Ba = Mt. Bangeta, Ma =
Mt. Mandala, Ja = Mt. Jaya, Sc = Mt. Scorpio, Al Mt. Albert
Edward). Also shown are average summer (June-July-August) air
temperatures at the 600hPa pressure level (for 1979-2010; NCEP2
re-analysis dataset) and SST (for 1982-2010; Reynolds re-analysis
dataset). These datasets indicate that tropospheric temperatures
over Papua New Guinea and Borneo typically is not more than
a couple of tenths of a degree different from the same pressure
level over the ocean, and that seasonal variability in average SST

is typically less than 0.4°C at the three open ocean sites studied. . 70

5.20 Annual mean vertical temperature (°C) profile above PNG (or-
ange=LGM and blue=PI) and a paleothermometry location (green=LGM
and yellow=PI). The freezing level heights for CCSM3 are 4345m
at the LGM and 5031m for the PI run compared to 4247m at the
LGM and 4731m at the PI run for CCSM4. . . . .. .. .. ... 71

5.21 Annual mean vertical temperature (°C) profile change from LGM-
PI control run. The blue line represents the location above PNG
and the yellow line is above the paleothermometry location. The
heights above sea level are 1000m at ~900hPa, 2000m at ~800hPa,
3000m at ~710hPa, 4000m at ~630hPa and 5000m at ~560hPa. . 72

X



5.22 Annual mean change in total precipitation rate (mm/day) for CCSM3

5.23

5.24

5.25

5.26

(top) and CCSM4 (bottom) calculated as LGM-PI runs and con-
toured at -3, -2.5, -2, -1.5, -1, -0.5, 0.5, 1, 1.5, and 2 mm/day.

Annual mean change in evaporation rate (mm/day) for CCSM3
(top) and CCSM4 (bottom) calculated as LGM-PI runs and con-
toured at -3, -2.5, -2, -1.5, -1, -0.5, 0, and 0.5 mm/day. . . . . ..

Annual mean surface wind vectors for CCSM3 (top) and CCSM4

(bottom). The length of the vector is proportional to wind speed

WPWP surface streamlines representing the transport of air and
moisture in and around the warm pool. Streamlines are colored

according to speed inm/s. . . .. ...

Extended region into the Pacific and Indian Oceans of surface

streamlines (m/s) representing surface air and moisture transport

into the WPWP for CCSM3 (top) and CCSM4 (bottom). . . . . .

73



3.1

3.2

3.3

3.4

LisT oF TABLES

Model Comparison Results for CCSM3 and CCSM4 for the domain
of the WPWP region. . . . . . . .. .. ... ... ... ... .

The temperature gradient for each model runs at 600hPa from
above PNG to the open ocean northeast of the island denoted as
PNG and Ocean, respectively, in the table. M-O is the temperature
gradient (°C) calculated as 600hPa PNG Temperature minus the

600hPa Ocean Temperature. . . . . . . .. .. ... ... ....
Individual variable and total precipitation rates (mm/day) for the
WPWP. PRECC is the convective precipitation rate and PRECL
is the large-scale (stable) precipitation rate. . . . ... ... ...
WPWP area average wind (m/s) in the zonal (U) and meridional
(V) directions at 510hPa. Negative values correspond to east-
erly wind in the U-direction (zonal) and northerly wind in the

V-direction (meridional). . . . . ... ..o

x1



CHAPTER 1

Introduction

The focus of this paper is to investigate the cause of LGM to present-day land
and ocean-based warming in the WPWP as well as changes in the lower tro-
pospheric structure. Emphasis is placed on how the two most recent CCSM
versions of general circulation models (GCMs) reproduce LGM conditions at the
surface and in the structure of the vertical temperature compared to paleocli-
mate proxy data. This analysis will demonstrate each models regional climate
accuracies, show biases, determine enhancement of updated model versions, and
give insight of climate conditions of the WPWP during the LGM. The latter
point will assist with understanding mass transport, regions of enhanced precip-
itation/evaporation, and piece together a more thorough representation of the

WPWP’s moisture transport to higher latitudes.

In order to accomplish the objectives listed above, an analysis of present-day
vertical temperature profiles, sea and land surface temperatures, and tropical
mountain snowlines was conducted. From this analysis, a reconstruction of av-
erage present-day vertical temperatures in comparison to the snowline dataset
is created to determine the surface temperature and relative humidity at the
surface and the free troposphere, in addition, to the atmospheric freezing level

deviations from the moist adiabat and observations, respectively. The third ob-



jective, carried out collaboratively as discussed in the text, is to model the effects
of changing surface temperature, surface and free tropospheric relative humidity,
and the magnitude of parameterized entrainment on the height of the atmospheric
freezing level and WPWP lapse rate during the LGM. The fourth objective is to
compare CCSM3 and CCSM4 variable changes from LGM to the pre-industrial
era, informed by the results of the previous objectives. This analysis is followed
by an exploration of effects an updated entrainment scheme in CCSM4 compared
to CCSM3 has on model variables. Changes in the large-scale mass transport dur-
ing the LGM are the final objective followed by any other possible causes for the
climate of the WPWP during the LGM.

1.1 Last Glacial Maximum

The Last Glacial Maximum (LGM) is the most recent time in Earth’s history
when ice covered large portions of North America and northern Eurasia and
occurred approximately 21,000 calendar years BP [42, 43, 44]. Expanded conti-
nental ice and reduced atmospheric CO, levels are found to have had a substantial
impact on the global mean temperature [6, 33] and more locally on atmospheric
and oceanic temperatures. The circulation of the atmosphere and oceans was
also substantially different from present. For example, the Laurentide ice sheet
covered large portions of North America helping to reduce the global sea level by
~120 meters (m) [31], increasing the topography of North America and changing
patterns of circulation around the continent [41]. In addition there was an equa-
torward displacement of cooler temperatures along with subtropical highs (the

latter being more pronounced in the Northern Hemisphere) [41].



Thus the LGM provides climate scientists a time interval with well-constrained
boundary conditions that can be used to test the accuracy of GCMs in simulating
atmospheric and oceanic conditions different from today. Ice cores hold infor-
mation on the atmospheric composition during this time period which provides
scientists with historic levels of important LGM greenhouse gas concentrations:
CO4 = 185 ppm, CH, = 350 ppb and NoO = 200 ppb [12, 17, 37]. These values
are generally agreed upon throughout the scientific community, however land and
ocean surface temperatures during the LGM are less certain. There have been
many research projects aimed at addressing how much land and ocean tempera-
tures have changed since the LGM. The first major research project to undertake
producing a compilation of data for the LGM in a systematic fashion was the
CLIMAP (Climate: Long range Investigation, Mapping, and Prediction) group
in the 1970s and 1980s. The goal of this research endeavor was to take quantita-
tive geologic evidence to reconstruct boundary conditions for the climate at the
LGM [8].

Figure 5.1 shows a reconstructed sea surface temperature map from CLIMAP’s
first research compilation. In order to reconstruct sea surface temperatures
(SSTs) 18,000 BP, the CLIMAP Project Members used biological transfer func-
tions, which determine past surface temperatures by the translation of numerical
descriptions of the planktonic biota preserved in deep-sea sediments into esti-
mates of past seasonal SSTs [8]. The CLIMAP Project Members (1976) found
three key boundary conditions for the LGM: (1) there was a large increase in the
surface albedo as glacial and desert expansion occurred, (2) the world surface
ocean temperature change was not as large as initially thought, with an average

global reduction of 2.3°C, and (3) there was increased upwelling along the coasts



of continents. However, the cooler upwelled waters from the eastern Pacific Ocean
did not reach the western Pacific Ocean where glacial surface ocean temperatures

were little different from present-day.

The CLIMAP reconstructions were the first of its kind, however as more
research has been done, some of the methods that were used have come under in-
vestigation. A large controversy with the CLIMAP project was the reconstructed
~1°C mean decrease in tropical SST's as this value is not consistent with lowered
tropical snow lines as well as evidence from various §'80 proxies showing the
tropics were 4-6°C cooler than present-day [63]. The topic of lowering tropical
snow lines and the effect this had on the tropical lapse rates will be discussed

later in this thesis.

A more recent attempt to synthesize reconstructions of surface temperatures
in order to produce a map of global SSTs during the LGM was done by the
MARGO (Multiproxy Approach for the Reconstruction of the Glacial Ocean
surface) working group. The MARGO project initiated in September 2002 with
a main objective of collating all the available proxy data and transfer function
techniques, and placing them into a common framework for a multi-proxy global
glacial ocean reconstruction [30]. MARGO differs from CLIMAP as it relies on
a multitude of proxy methods to reconstruct temperatures and therefore should
hypothetically be an all-encompassing representation of the LGM global climate.
Additionally, the accuracy and understanding of radiocarbon dating has increased
significantly since CLIMAP resulting in a more encompassing LGM period in the
MARGO dataset (16,000-26,000 years BP for the CLIMAP versus 19,000-23,000
years BP for MARGO).

The MARGO working group’s largest task involved compiling a new dataset



for oxygen isotope data from different paleoclimate proxy records. An empha-
sis was placed on oxygen isotopes as they provide a first approximation of the
surface density of the ocean since the oxygen isotopic composition of planktonic
foraminifera is a function of salinity and temperature [30]. The compiled dataset
(Figure 5.2) consists of over 2,100 recent sediment measurements and 410 data

points from LGM sediments with an age control applied.

There exist several challenges to the MARGO project compilation of a unique
multi-proxy SST, sea surface salinity, and sea-ice dataset. The dataset has a level
of disagreement between proxies, which was expected because each approach
has differing assumptions involved in interpretation, and because each proxy is
sensitive to different processes [30]. Each proxy rarely reflects simply one climatic
parameter; all proxy reconstructions provide slightly or substantially different
SST estimates. In addition, the meaning of whether the proxy reflects sea surface
conditions and/or temperature is still a matter of debate, as is the season it
reflects. Meaning the surface temperature could be derived from a species that
was predominately located several meters below sea surface, but since humans
were not around during this time period there is no exact way to infer this

information.

The synthesis from the MARGO project is composed of 696 individual SST
reconstructions with dense coverage in the northern Atlantic Ocean, Southern
Ocean, and the Tropics, but with poor coverage in subtropical ocean gyres. The
SST anomalies were constructed using the World Ocean Atlas SSTs (LGMWOA
SST) showing an overall agreement in magnitude of latitudinal anomalies between

geochemical and microfossil proxies [34]. The proxy temperatures were most

robust in the region from 30°S-30°N as seen in Figure 5.3. The MARGO tropical



cooling is more extensive than proposed by CLIMAP with a 1-3°C cooling of the
WPWP supported by three proxy records [34]. Overall the tropical Pacific band
(15°S-15°N) experienced an LGM cooling of 1.24+1.1°C.

1.2 Western Tropical Pacific Warm Pool

The tropical Pacific Ocean is the area located between the latitudinal band from
23°N-23°S extending from South America to the Maritime Continent. The west-
ern portion is characterized by high SSTs and large amounts of precipitation.
It lies within the bounds of the rising branches of the Hadley Cell and Walker

Circulation and therefore the Inter-tropical Convergence Zone (ITCZ).

The tropical Pacific Ocean is a significant heat transfer region between the
atmosphere and the ocean. The WPWP plays a key role in the strength of
the Walker Circulation and consequently has a significant influence on El Nino
Southern Oscillation (ENSO) phenomena [13]. The impacts from changes in the
SST of the central and eastern regions of the Pacific Ocean have corresponding
global effects as evident from global ENSO impacts. Such impacts range from
droughts in the Maritime Continent to flooding in the southwest United States.
In addition to causing extreme weather events, the Pacific Ocean is a principle
transporter of moisture and heat from the tropics toward the Polar Regions and
a vital source of water vapor into the troposphere [48]. The majority of this

transport occurs in the WPWP, which is the focus region for this paper.

The WPWP is a region in the western-most part of the tropical Pacific Ocean
with SSTs typically larger than 28°C. It is generally understood that SSTs in

this region are ~1°C larger than the atmospheric air just above the surface called



the skin temperature [13]. For the analysis presented in this thesis, the extent
of the WPWP is defined as 15°N-15°S and 135°W-165°W. The high SSTs of the
WPWP initiate large amounts of atmospheric convection thus transporting large
amounts of surface and boundary layer moisture and heat to the upper parts of
the troposphere. This process is important as most of this vertically transported
heat and moisture fans out horizontally as it reaches the middle and upper levels
of the troposphere. The large amount of horizontal transport coming from the
WPWP is one of the principal mechanisms for moving heat and moisture out of

the tropics.

The movement of moisture and heat out of the tropics acts to balance the
temperature and moisture gradients between the tropics and the Polar Regions.
Without this large quantity of heat and moisture transport, regions outside the
tropics would be colder with less available moisture leading to drier climates.
Therefore the WPWP SSTs and the amount of atmospheric convection are piv-
otal factors in influencing climates elsewhere around the globe, as well as global

climate.

This thesis will discuss changes in WPWP climate during the Last Glacial

Maximum by comparing GCM simulations to paleoclimate proxy records.

1.3 Proxy data and Snow Line data

Paleoclimate data is an important aspect of this research as it provides past tem-
perature estimates for specific regions, both land and ocean. Proxy data can be
compared with model results in an effort to determine if models are accurately

reconstructing past climates and examine which aspects of the model need ad-



justed (e.g., SSTs, land surface temperatures, precipitation). The reconstructed
temperatures not only play a role in surface processes, but also can be used to
constrain lapse rates and enhance our understanding of the vertical atmospheric
temperature structure during the LGM by combining surface values from the
ocean or land with upper-level data from glacial extent (snow lines) or other

proxies.

Most studies, including MARGO, find evidence for a 1°C surface cooling in
the WPWP [9, 34], but the uncertainties associated with this estimate are as
large as 2°C. However recent studies utilizing new proxies indicate the WPWP
was much cooler at the LGM, by as much as 3-5°C [61]. Foraminiferal Mg/Ca
ratios show mean temperatures in the WPWP cooled by 2.5°C+0.7°C during
the LGM [13, 32, 34]. The surface foraminifera used in de Garidel-Thoron et
al. (2007) was Globigerinoides ruber (G. ruber) from the ocean sediment core
MD97-2138 (1°25’S, 146°24’E, 1900m deep) and the Mg/Ca measurements were
done following the analytical protocol detailed by Rosenthal et al. (1999). The
outcomes from this study are robust with Mg/Ca results from nearby cores in
the WPWP [13]. Several uncertainties with the Mg/Ca paleothermometry tech-
nique include one or a combination of the following as discussed in the paper
by de Garidel-Thoron et al. (2007): variable dissolution effects on each record,
mixing of glacial and interglacial sediments in low sedimentation rate cores, and
methodological differences among laboratories. One problem with Mg/Ca-based
temperature proxy estimates and other paleothermometry records is most come
from different sediment cores resulting in the possibility for differing results on

the regional scale.

Another study examined how salinity changes during the LGM effected tem-



peratures and consequently reported a salinity-corrected Mg/Ca temperature
change of ~4°C [35]. The sea surface salinity (SSS) effect on the Mg/Ca ra-
tio is important as the ocean salinity increased to values ~1.15 psu higher [1]
than present-day during the LGM due to freshwater being locked up on the con-
tinents and ocean volume decreased as continental glaciers expanded. According
to Mathien-Blard and Bassinot (2009), Mg/Ca-based SST could be biased by
~1.6°C if the effects of changing salinity was not taken into account. However,
the salinity-correct Mg/Ca method has two uncertainties that lead to difficulties
in precisely determining the LGM SSTs: constraining the global SSS-61%0,,, re-
lationship which is induced by waxing/waning of the continental ice sheets and
knowing the past regional SSS-8'80,,, relationship which is controlled by evapo-

ration and precipitation mechanisms and continental runoff.

Reconstructions in the South Pacific show an even larger temperature change
via coral data of Sr/Ca of ~5°C near Vanuatu in the southwestern Pacific Ocean
(15°S, 167°E) [3] which are consistent with estimates of tropical temperatures
from corals in the Atlantic Ocean [20]. From the paper Beck et al. (1992), the
ratio of incorporation of Strontium to Calcium in corals is controlled by two fac-
tors: the Sr/Ca activity ratio of the ocean and the Sr/Ca distribution coefficient
between aragonite and seawater. The latter depends on the temperature of the
seawater in which the coral grew but is only a weak function of the chemical
composition of water [3]. One factor used in determining past SST's is that vari-
ations in the ocean Sr/Ca ratio are small from present-day to LGM; therefore,

temperature reconstructions via this method can lead to quite accurate results.

A more recent study from the work of Tripati et al. (in review) focuses on

a new paleoclimate reconstruction method using clumped isotope thermometry



which is thermodynamically-based [15, 16, 19, 60] and founded on the principle
that ordering, or clumping’, of heavy isotopes into bonds with each other in
molecules is temperature-dependent due to an internal isotope exchange reaction
which requires no knowledge of water isotope composition [16, 19, 57]. Clumped
isotope thermometry produces an LGM-Late Holocene SST change of ~3-5°C
[61].

The previous paragraphs discussed constraints on surface temperatures during
the LGM. These temperatures are combined with data on the extent of tropical
glaciers in order to reconstruct vertical temperature gradients and study atmo-
spheric behavior. Changes in the freezing level of tropical glaciers have been
linked to air temperatures at sea level [47]. Tropical glaciers with high amounts
of precipitation in the WPWP are limited in their growth by the height of the 0°C
isotherm and low seasonality of tropical climates leads to a relatively constant
freezing level height [24, 28, 49]. Therefore the extent of tropical glaciers will
provide the approximate height of the freezing level during the LGM providing a
second data point to better understand the past vertical temperature structure
of the WPWP and therefore the atmospheric lapse rate. Mid-20"* century snow-
lines for Papua New Guinea and Borneo (two islands within the WPWP) reside
at ~4600-4700m [2, 22, 35, 49, 51] above sea level whereas LGM snowlines are
~3600-3700m [22, 49, 51] above sea level. This represents a ~1km change in the

0°C isotherm from LGM to present.

10



1.4 LGM modeling efforts

This thesis presents an analysis of the atmospheric surface and vertical conditions
for the model while analyzing the surface and vertical proxy thermometry avail-
able. One of the first collaborative attempts to systematically apply the same
boundary conditions to different climate models and simulate past climates us-
ing state-of-the-art paleoclimate data and GCMs was the Paleoclimate Modelling
Intercomparison Project (PMIP). This international project, originated in 1994,
involves 18 modeling groups and is endorsed by both the International Geosphere
Biosphere Project and the World Climate Research Program [27]. The goal of
PMIP was to evaluate climate models under paleoclimate conditions 21,000 years
BP (roughly the time of LGM) and improve the understanding of past climates
[27].

The initial PMIP models ran with the following boundary conditions 21,000
years BP. SST and sea ice cover boundary conditions consisted of two exper-
iments: one used prescribed values from the CLIMAP dataset and the other
computed these values using coupled atmospheric-mixed layer ocean models and
assumed no change in ocean heat transport [27]. The ice sheet volume and ex-
tent (Figure 5.4) used for the model runs, called ICE-4G, comes from the work
by Peltier using a gravitationally self-consistent theory [42]. Each model imple-
mented a 105-meter sea level reduction compared to present-day. The atmo-
spheric CO2 concentration was lowered to 200 ppm compared to the modern era
value of 345 ppm at the time of the model runs. Finally, the orbital parameter
changes, albeit small, are important for radiative forcing calculations and in-

cluded an increase in eccentricity from 0.016724 to 0.018994, a decrease in axial

11



tilt from 23.446 to 22.949, and an increase in angular precession from 102.04 to

114.42 prescribed to the reference values of 1950 A.D. [27].

The PMIP models were useful in testing the models’ results compared to the
proxy data and provided an insight on how the current models portray climatic
conditions during the LGM. The models that used the prescribed CLIMAP SST's
showed relatively consistent mean global cooling of 4°C [27] whereas the models
using the computed SST experiment showed a larger range of -6°C to -2°C (Fig-
ure 5.5). Some downfalls of the first run of the PMIP models include a lack of
computer power leading to very low-resolution models compared to future LGM
runs, none were fully coupled atmosphere-ocean models resulting in limited inter-
actions between the atmosphere and ocean which has proven to be a significant
process in the tropics, and PMIP did not include a vegetation component in the
models producing a lack of inclusion in the large changes in vegetation and carbon

cycle functions during the LGM.

After the success and knowledge gained from PMIP model runs, research pri-
orities for the next phase were discussed during the fourth international workshop
of the Paleoclimate Modelling Intercomparison Project in 2002 where the interna-
tional collaborators defined several key foci for the LGM runs. The first priority
was to implement coupled ocean-atmosphere (OAGCM) and ocean-atmosphere-
vegetation (OAVGCM) simulations to the response of glacial conditions. The
LGM experiment was to start from year 200 of the control experiment then be
forced to the glacial state and then run for an additional 500 years in order to ob-
tain changes in annual- to centennial- scale climate variability [21]. The second
priority involved prescribing freshwater fluxes into the models to compare the

response of coupled models to a prescribed amount and duration of freshwater

12



input into the high latitudes (50-70°N) of the Atlantic Ocean [21].

In terms of boundary conditions, PMIP2 lowered the concentration of CO, to
185 ppm and implemented two key greenhouse gases: methane (CHy) at 350 ppb
and nitrous oxide (N,O) at 200 ppb [12, 17, 37]. The decrease in the greenhouse

2 radiative forcing of

gases relative to the pre-industrial results in a -2.8 Wm™
the troposphere during LGM [5]. The ice sheet scheme used was ICE-5G, the
successor of ICE-4G from PMIP, which was significantly improved from the ICE-
4G scheme. The most notable improvement was [CE-5G contained considerably
more mass of land-based ice, primarily as a consequence of the heavy ice cover

that was added outboard of Hudson Bay [45]. All other boundary conditions did

not undergo sizeable changes and were consistent with PMIP2 control runs.

The most notable difference between PMIP and PMIP2 model averages was
the larger decrease in surface temperatures above the Laurentide ice sheet as-
sociated with the upgraded ICE-5G scheme. The global change in temperature
between LGM and the pre-industrial era (Figure 5.6) ranges from -3.6 to -5.7°C
with a tropical cooling of -2.7£0.5°C [5]. From Figure 5.6, the PMIP2 models
are cooler than PMIP forced CLIMAP SST models primarily because the simu-
lations are colder in the tropical region and across North America. However, in
the Pacific Ocean the PMIP2 LGM experiments do not agree in many aspects of
the signature of the SST changes [14].

For the third version of PMIP (PMIP3), two modeling communities (the Pa-
leoclimate Modelling Intercomparison Project and the Coupled Model Intercom-
parison Project [CMIP]) collaborated for an increased level of model comparison
and symmetry. PMIP3 and CMIP5 models are all configured with the same pre-

industrial control run boundary conditions, which do not differ much from the
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PMIP2 experiments. The PMIP3 LGM experiments saw noticeable changes in
the ice sheet reconstruction (Figure 5.7) as it is a blended product obtained by
averaging three different ice sheet reconstructions: ICE-6G v2.0 provided by Dick
Peltier, MOCA provided by Lev Tarasov and ANU provided by Kurt Lambeck
[46]. Many models are currently producing LGM results according to the PMIP3
experiments. Not all model averages and differences are yet available but will be

for the IPCC 5" Assessment Report.

Given there are over ten models incorporated into the PMIP suite, this paper
will focus on the National Center for Atmospheric Research (NCAR) Community
Climate System Model (CCSM). CCSM is a coupled climate model for simulating
the Earth’s climate system that is composed of four separate models simultane-
ously simulating the Earth’s atmosphere, ocean, land surface, and sea-ice [62]. To
date there are four main versions of this model: CCSM1.0 released in June 1996,
CCSM2.0 released in May 2002, CCSM3.0 released in June 2004, and CCSM4.0
released in April 2010. The latter two versions, being the most recent, are the
main emphasis of the model comparison portion of this thesis in order to deter-
mine how these models compare to paleothermometry proxy data during changes

in the WPWP’s climate under LGM boundary conditions.

1.5 CCSM3

CCSM3 consists of four non-coupled components simultaneously integrating for-
ward in time, periodically stopping to exchange information with the coupler [62].
The coupler then receives fields from the component models, computes, maps,

and merges this information and sends the fields back to the component models
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[62]. A detailed explanation of each component model is below.

The Community Atmosphere Model version 3 (CAM3) is a dynamical, global
atmospheric general circulation model developed from the NCAR CCM3 [62].
The primary resolution is 128 longitudinal by 64 latitudinal points (T42) with
26 vertical levels, however, the zonal resolution at the equator ranges depending
on the grid spacing from 3.75° (T31) to 1.41° (T85) [11, 62]. In the 26 verti-
cal levels a hybrid coordinate merges a terrain-following sigma coordinate at the
bottom surface with a pressure-level coordinate at the top of the model [11, 62].
The CAMS3 cloud and precipitation processes include advection, detrainment,
and sedimentation of cloud condensate along with separate treatments of frozen
and liquid precipitation [11]. Deep convection within the model is treated with
a parameterization scheme developed by Zhang and McFarlane (1995) based on
a plume ensemble approach where it is assumed that an ensemble of convective
scale updrafts may exist whenever the atmosphere is conditionally unstable in
the lower troposphere[10]. A more in-depth discussion of the entrainment pro-
cess will be discussed in the Atmospheric Convection and Entrainment section.
The radiation code does not incorporate the indirect effects of aerosols on cloud
albedo and cloud lifetime. Improvements from the previous version, CAM2, in-
clude new treatments of cloud and ice-phase processes, upgraded representation
of the interactions among water vapor, solar radiation, and terrestrial thermal
radiation, new treatment of the effects of aerosols, including prognostic sulfate,
on the reflection and absorption of solar radiation, and new dynamical framework

suitable for modeling atmospheric chemistry [11].

The Community Land Model version 3 (CLM3) is the result of a collabora-

tive project between scientists in the Terrestrial Sciences Section of the Climate
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and Global Dynamics Division at NCAR and the CCSM Land Model Working
Group [11, 62]. The CLM3 resolution is the same as CAM3 and is composed of
10 subsurface soil layers. Additionally, CLM3 represents the largest spacial pat-
terns of sub-grid heterogeneity and includes glaciers, lakes, wetlands, urban areas,
and vegetated regions [11]. Improvements to the land model, from the previous
version, incorporate new methods to enable simulation of the terrestrial carbon
cycle, new methods to enable simulation of dynamic vegetation, improvements
in land-surface physics to reduce temperature biases, and new load balancing

implementation results in substantial performance improvement [11].

The ocean model is an extension of the Parallel Ocean Program (POP) version
1.4.3 from Los Alamos National Laboratory. POP grids in CCSM are displaced-
pole grids (centered at Greenland) at approximately 1°(gx1v3) and 3.6°(gx3v5)
horizontal resolutions with 40 and 25 vertical levels, respectively [62]. An impor-
tant aspect of POP is it does not support a slab ocean model as is supported by
the stand-alone atmosphere model (CAM3) [62]. In the development of the ocean
component, absorption of solar radiation in the upper ocean varies monthly and
spatially based on in-situ chlorophyll and satellite ocean color observations and
air-sea turbulent fluxes of momentum, heat, and moisture are computed using
the wind vector relative to the ocean surface current, excluding wind gusts [11].
Upgrades to the ocean model from past versions include improvements to the
representation of the ocean mixed layer, inclusion of solar heating by chlorophyll,

and new infrastructure for studying vertical mixing in the ocean [11].

The sea-ice component is the Community Sea-Ice Model version 5 (CSIMb5)
with the same horizontal resolution as POP [11, 62]. CSIM5 includes the elastic-

viscous-plastic (EVP) dynamics scheme, an ice thickness distribution, energy-
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conserving thermodynamics, a slab ocean mixed layer model, and the ability to
run using prescribed ice concentrations [62]. When the ice is covered by cold,
dry snow, the sea-ice component albedo parameterization is biased low by about
0.07 compared to observations resulting in lower albedos and hence larger-than-
observed solar radiation absorption in Polar Regions [11]. Improvements to the
sea-ice model incorporate new advanced sea ice rheology, explicit ice-thickness
distribution physics, explicit treatment of brine pockets, and an improved scheme

for horizontal advection of sea ice [11].

Several errors and biases have been reported in CCSM3. In the tropical Pacific
Ocean, CCSM3 produces a double ITCZ merging with the South Pacific Conver-
gence Zone (SPCZ) like previous generations of the Community Climate System
Model [11]. The SPCZ is a semi-permanent convection band extending from the
ITCZ near the equator, around eastern Papua New Guinea, southeastward to
the extratropical South Pacific (around 30°S, 130°W) [59]. A southern branch of
the ITCZ replaces the SPCZ during the summer months [11, 59] causing more
cloud coverage and precipitation over this region compared to observations as
seen in Figure 5.8. Furthermore, Figure 5.9 shows a warm SST bias emanating
from this double ITCZ in a band near 10°S in the central and eastern Pacific
along with a pronounced westward expansion of the cold tongue [59]. In addition
to the double ITCZ, the maximum precipitation is displaced roughly 30° to the
west in the northern half of the WPWP [11] significantly changing the simulated

hydrological cycle in this region (Figure 5.8).

Beyond the double ITCZ bias, CCSM3 produces warmer SST's off of the west-
ern coasts of continents [11] mainly due to the grid resolution positioning the ma-

jor areas of upwelling well off the coasts causing these regions to be substantially
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warmer than observations. The model underestimates downwelling shortwave
radiation in the Arctic region resulting in excess cloudiness during the winter
months and an overestimate of longwave surface flux by 20 Wm~=2. This bias ar-
tificially increases the average surface temperature of the Arctic region during the
crucially cold winter months of December to April. In the Pacific Ocean, CCSM3
does a poor job reproducing the ENSO frequency spectrum distribution [18] and
produces ENSO events with very little power/energy. A final bias of CCSM3
worth mentioning is how the convection scheme used effects precipitation. The
model’s ability to produce large-precipitation events is well under observations
causing no events with a precipitation rate above 50 mm/day [18]. The cause
and implications of this effect will be reserved for the Atmospheric Convection

and Entrainment section.

Following the PMIP2 boundary conditions, CCSM3 modeled the LGM with
horizontal grid spacing roughly double in size (2.8125° by 2.8125° by 26 vertical
levels) of the pre-industrial and future climate runs. The significantly reduced
horizontal resolution resulted in the CCSM3 LGM runs to return very coarse data,
which ultimately effected how well the model could simulate the LGM timeframe.
More will be discussed in the Results and Discussion section on model resolution

and data output.

1.6 CCSM4

The fourth version of the Community Climate System Model (CCSM4) received
notable improvements in the ability to use a single code base in a start-to-end

development cycle allowing higher resolutions at shorter timespans [4, 18, 36].
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The major implementation of this model will be used in the IPCC 5th Assessment
Report according to the CMIP5 boundary conditions and be a significant model
of the PMIP3 dataset.

The Community Atmosphere Model version 4 (CAM4) has an improved hor-
izontal resolution from CAMS3 of 1.25° by 0.9° [4, 18, 36] in addition to the same
26 vertical levels in CAM3. The deep convection scheme in CAM4 saw the largest
changes as it included the effects of deep convection in the momentum equation
and used a dilute approximation in the convective plume calculation [18]. The
enhancement results in deep convection events that occur less often but with
greater intensity when compared to CAM3 [18], which is in greater agreement
with observations. Additional improvements included adjusting the Arctic cloud
fraction reducing low-level cloud development in the Arctic winter [18], radiation

interface, and computational scalability.

The Community Land Model version 4 (CLM4) has the same resolution as
CAM4. CLM4 saw the addition of a prognostic carbon-nitrogen cycle compo-
nent but the carbon-nitrogen fluxes do not pass through the atmosphere and are
diagnostic [18]. However, this cycle does have a seasonal and interannual vege-
tation phenology and upgraded urban land model which both influence regional
and global climate. One of the largest changes to CLM4 is the extension of the
ground column by an additional 50m depth by adding five bedrock layers [18].
Thus allowing the land model to have a larger capacity to hold moisture. A
final notable improvement is the requirement of heat from the ocean component
to melt ice [18] resulting in an improved global heat conservation of CCSM4

compared to CCSM3.

The Parallel Ocean Program version 2 (POP2) has a uniform zonal resolution
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of 1.11° and a meridional resolution of 0.27° around the equator that gradually
increases to 0.54° at 33°N/S and stays constant beyond these latitudes toward
the poles. The number of vertical levels increased from 40 in CCSM3 to 60
in CCSM4 with a higher resolution of the upper ocean. The vertical mixing
equations added a term that is proportional to the tidal energy allowing a little

more cross isopycnal mixing in the deep ocean [18].

The sea ice component, Community Ice Code version 4 (CICE4), incorpo-
rates a new radiative transfer scheme, which uses inherent optical properties to
define the scattering and absorption characteristics of snow, sea ice, and included
absorbers [18]. The updated scheme gives CCSM4 more realistic surface ice albe-
dos compared to the biased lower albedos of CCSM3. The LGM run of CCSM4
maintains the same horizontal and vertical grid resolution as the pre-industrial
control run. This allows for a much enhanced topology resolution, which is im-
portant for the LGM as a large portion of the WPWP was above water during
this time period as a result of the emergence of the Sahul Shelf from Australia
to Southeast Asia. Additionally, the upgraded grid resolution provides greater
replication of mountains, coastlines, and overall provides a better representation
of LGM boundary conditions (to be explained in the Results section) compared

to the CCSM3 LGM run.

One difference between CCSM3 and CCSM4 is the initial year of the pre-
industrial control run, 1870 and 1850 respectively. The pre-industrial control
run is a long integration where model boundary conditions are held constant to
provide a means to understand the basic climate of the model. 1850 (CCSM4)
was chosen instead of 1870 (CCSM3) as the initiation year because the COq

and aerosol concentrations are closer to pre-industrial levels in 1850 [18]. This
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makes it more difficult to compare the CCSM3 and CCSM4 pre-industrial control
runs, however, CCSM4 has a more realistic 20" century run when compared to
the observations, where the climate system, including the ocean component, is
gaining heat [18] as opposed to losing heat as seen in the CCSM3 runs. For
simplicity, this thesis will only focus on the LGM and pre-industrial control runs

of CCSM3 and CCSMA4.

With the aforementioned improvements, CCSM4 overall does improve with
respect to pre-industrial observations. From the pre-industrial control runs, the
mean SST difference from the Hurrell et al. (2008) observations in CCSM4 is
0.1°C compared to -0.8°C for CCSM3, with root-mean-square errors (RMSE) of
1.1° and 1.6° respectively [18]. From Figure 5.10, it is evident that the eastern
and western ocean boundaries are still warmer than observations, however, the
large amount of cooling seen in the Pacific and Southern Oceans of CCSM3 is
not as evident in CCSM4 causing an overall global agreement of SSTs. It is good
to keep in mind CCSM4 regionally has deficiencies but matches the global ocean
temperature observations much better than CCSM3. The enhanced mean SST's
of CCSM4, to a large degree, can be attributed to the higher resolution of the
model. There is a better representation of topography due to the increased resolu-
tion causing the atmosphere component to produce stronger upwelling-producing
winds located along CCSM4 western boundary coasts rather than somewhat off-

shore as seen in CCSM3 [18].

To fully understand each of the models’ climate states under the influence
of boundary conditions, the 20""-century run needs to be briefly analyzed. The
global land surface temperature mean bias decreased in CCSM4 to -0.2°C from

-0.3°C in CCSM3 from the observations for the twentieth-century runs with root-
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mean-squared errors of 2.7°C and 3.01°C, respectively [18]. From Figure 5.11,
one can see the improvement is not as obvious by just looking at the figure.
CCSM4 shows a much warmer sector of Eastern Europe and Russia (warmer
than observations) during the 20th-century run which ultimately added to the
decrease in the mean absolute temperature bias, however, the RMSE did decrease

as well meaning overall the model is in better agreement with the observations

than CCSMS3.

The Pacific Ocean SSTs in CCSM4 are slightly warmer (<0.4°C) than obser-
vations which is a significant improvement to CCSM3 Pacific Ocean temperatures
of 1.5°C colder [18]. Both the western and eastern boundaries in the Pacific Ocean
are too warm in each model version [18]; however, a notable improvement with
CCSMA4 is the reproduction of ENSO. CCSM3’s ENSO events were overly regular
at 2-year periods [11, 18] and are in drastic contrast with observations of peak
variability between 3 and 7 years. The SSTs across the tropical Pacific Ocean in
CCSM3 were poorly represented due to the failure of ENSO variability; hence a
major focus of CCSM4 was to greatly improve this variability. CCSM4 ENSO
events have very little power at 2 years and variability between 3 and 6 years with
a peak at 4 years [18]. This improvement was a result of the two changes to the
CAMA4 deep convection scheme [18] documented in Richter and Rasch (2008) and
Neale et al. (2008). However, the CCSM4 ENSO variability is not perfect as the
amplitude is much greater than the Hurrell et al. (2008) observational dataset
[18]. Beyond the increased amplitude, CCSM4 does a decent job replicating the
20""-century variability, has a more realistic width to the positive correlations
in the central and eastern tropical Pacific Ocean [18] and the horseshoe pattern

of negative correlations in the western tropical Pacific that stretches into the
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midlatitudes of both hemispheres is greatly improved [18].

CCSM4 has many improvements from CCSM3 as discussed above, however,
there still exist areas that will continuously need fine-tuning and enhancements
within the next version. The first significant bias is the double I'TCZ formation
in the western Pacific Ocean leading to biased precipitation and temperature
throughout the entire year [4, 18]. Although, the double ITCZ in CCSM4 is
improved from CCSM3, it needs additional enhancements to accurately match
observational data. The Arctic region still exhibits too much low cloud coverage
[18], which increases the overall surface temperature. Another bias is the strong
surface temperatures over continents (most notably Eastern Europe/western Rus-
sia) where some regions are greater than 2°C compared to observations [18]. The
exclusion of the effects of indirect aerosols in CCSM4 is very likely a major fac-
tor causing the larger increase in globally-averaged surface temperatures over the
20%-century runs compared to the observations [18] in addition to an ocean heat

uptake that is too small or the model climate sensitivity is too large [4, 18].

1.7 Atmospheric Convection and Entrainment

One of the most significant enhancements pertaining to the WPWP from CCSM3
to CCSMA4 is the updated entrainment scheme [18, 38, 54]. Inclusion of entrain-
ment in deep convective plumes is an important process of the WPWP and there-
fore an imperative component of this research. From Richter and Rasch (2008),
convection is one of the most important processes driving tropospheric circulation

as it distributes heat and moisture and transports constituents and momentum.

Prior to a discussion on the changes of the entrainment scheme, an analysis
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of atmospheric convection processes is useful. As a parcel of air warms up at the
surface it becomes less dense than the environmental air surrounding it resulting
in an upward vertical force against the parcel. As the unsaturated parcel rises
its temperature decreases at the dry adiabatic lapse rate (~10°C per kilometer)
until it reaches saturation at the level known as the lifting condensation level
(LCL). Beyond the LCL a parcel theoretically rises at the moist-adiabatic lapse
rate (~6.5°C per kilometer as latent heat is released due to conversion of water
vapor into liquid water) until the parcel is no longer buoyant. The role of entrain-
ment is implemented because the upward moving air parcel is not a closed system
therefore the air parcel properties will mix with the surrounding environmental
properties (typically lower temperature and drier air). The entrainment of drier
air causes the air parcel to be undersaturated with respect to its environment
thus increasing its lapse rate away from the hypothetical moist-adiabatic lapse
rate subsequently cooling the parcel at a faster rate. In addition to cooling the
air parcel at a faster rate, entrainment also creates an unstable environment for
the rising parcel consequently enhancing deep convection. This has been demon-
strated in recent observations [7, 23, 26, 58] and modeling studies of modern
datasets [29, 38, 56, 61] showing that moist convection has a strong dependence
on free tropospheric humidity that occurs via entrainment of air into the con-
vecting parcel. In addition, it has been shown that factors such as the onset of
precipitating deep convection and cloud top height can only be matched if sub-
stantial entrainment is considered [7, 23, 26, 58, 61]. A crucial part of this thesis
and the effect of entrainment centers on how entrainment affects the freezing level
in the atmosphere. Deviations of a parcel’s lapse rate become important when

analyzing the vertical temperature structure and freezing level (model based) to
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the collected paleoclimate proxy data freezing level (snow line data).

In CCSM3 the process of deep convection is treated with a parameterization
scheme developed by Zhang and McFarlane (1995). Based on a plume ensemble
approach where it is assumed that an ensemble of convective scale updrafts may
exist whenever the atmosphere is conditionally unstable in the lower troposphere
[10]. Moist convection occurs only when there is convective available potential
energy (CAPE) for which parcel ascent from the sub-cloud layer acts to destroy
the CAPE at an exponential rate using a specified adjustment time scale [10].
With the parameterizations it is important to note the cloud base, any inhibi-
tions to atmospheric ascent, and the amount of CAPE (larger CAPE corresponds
to larger atmospheric instabilities). CCSM3 plumes that carry mass upward are
detrained into the environment in a thin layer at the top of the plume where the
detrained air is assumed to have the same thermal properties as in the environ-
ment [10]. All condensation is assumed to occur within the updraft plumes and
each plume is assumed to have the same value for the cloud base mass flux. The
total entrainment rate is given by the change in mass flux and the total detrain-
ment [10]. The entrainment process is halted once the convective cumulus clouds

consume the entire CAPE.

Changes to the process of deep convection in CCSM4 include the addition
of convective momentum transports by Richter and Rasch (2008) and a mod-
ified dilute plume calculation following Raymond and Blyth (1986, 1992) [39].
Convective momentum transport must be parameterized as convection itself is
parameterized, however, the largest uncertainties come from the need to estimate
in-cloud horizontal velocities [54]. Increasing the horizontal in-cloud convergence

will lead to increased vertical velocity and hence deeper convection. The in-
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clusion of this parameter in CAM3 and CAM4 strongly influences near-surface
winds as well as the distribution of convection in the tropics [54]. The convective
momentum transport parameter improved model wind biases over the tropics
resulting in better Hadley circulation representation [54]. Neale et al. (2008)
concluded that including convective momentum transport in the convection pa-
rameterization weakened the trade winds and the off-equatorial wind response
to an ENSO event; allowing for convective plume entrainment strengthened by
Madden-Julian Oscillation activity. The first process increased the period of
ENSO events in CCSM4 and the second process added a mechanism for main-
taining ENSO events [38]. Thus significantly improving the variability of ENSO
and representation of SSTs, winds, and precipitation across the tropical Pacific
Ocean and more specifically the WPWP in addition to better representing con-

vective activity.

From the work by Raymond and Blyth (1986, 1992), CCSM4 tuned the dilute
plume calculation, which represents when vertically transported liquid water is
converted to ice/freezing water. This is a significant component of deep con-
vection and enhances entrainment as freezing of liquid water and unloading of
precipitation can significantly increase the buoyancy of updrafts, up to the equiv-
alent of 3°C at the -15°C level as shown in their model [53]. When dealing with
available convective energy, small increases in buoyancy can amount to large in-
creases in the amount of parcel-environment entrainment and thus large changes

in the height of the freezing level.
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CHAPTER 2

Methods

2.1 Constraining present-day mean vertical temperature

profiles in the WPWP

One part of this thesis focuses on obtaining the accurate mean vertical atmo-
spheric temperatures in the WPWP in collaboration with Sandeep Sahany. The
aim was to determine on average how close does the vertical structure of the
atmosphere in the WPWP follow a moist adiabatic lapse. Given the WPWP’s
abundance of water vapor and convection, a lapse rate close to moist adiabatic
has always been assumed. To obtain a better understanding of the WPWP pro-
cesses, sounding data was collected over Manus, Papua New Guinea (2° 3’ 39.64”
S, 147° 25’ 31.43” E) and Nauru Island (0° 31" 15.6” S, 166° 54’ 57.60” E) from
archived data of the U.S. Department of Energy as part of the Atmospheric Ra-
diation Measurement (DOE ARM) Climate Research Facility. The importance of
the sounding data is to diagnose the average vertical profile over the two locations
in order to better interpret the surface temperature, surface and free tropospheric

relative humidity, and temperature lapse rate in the WPWP.

When comparing the sounding data of Manus and Nauru to the observed

present-day glacial extent in the WPWP, it is evident the 0°C isotherm in the
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sounding data is ~500m above the average tropical glacier extent for the middle
of the 20" century. This discrepancy is attributed to depression of tropical glacial
equilibrium line altitudes to the 1°C isotherm, and the different time intervals
sampled by the sounding data and the snowlines given the influence of anthro-
pogenic warming [49, 50, 61]. For simplicity we assume a similar or smaller offset
between glacial snowlines and the height of the atmospheric freezing level at the

LGM.

2.2 Applying an entraining plume model to study the

modern and LGM eras

The second part of this research employs a radiative-convective model [56], cre-
ated by Sandeep Sahany based on convective plume computations from Holloway
and Neelin (2009), with entrainment sensitivity to analyze the present-day and
LGM vertical temperature profile sensitivities. This model is a relatively simple
model much like the moist adiabat approach; however, it takes into account the
influence of entrainment of the environmental air in the free troposphere. The
model is more complex by designating air temperature and relative humidity as
a function of height in order to evaluate the sensitivity [7, 23, 26, 58] of each
parameter: surface air temperature, surface relative humidity, free tropospheric
relative humidity, and entrainment rate. Therefore the parcel, with specified sur-
face conditions, is forced to rise at the dry adiabatic lapse rate until saturation
thereafter rising at a modified lapse rate. The paper by Tripati et al. (in review)
explains that the environmental temperature above this boundary is calculated

as a modified radiative-convective equilibrium using a Betts-Miller convective
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scheme that adjusts the large-scale temperature towards that of the entraining
convective plume. The cooling term (which can include a large-scale dynamical
component) is approximated as independent of height in the lower free tropo-
sphere. Standard case cooling of 1.5°C/day and Betts-Miller 0.1-day convective
time scale yield a single combined parameter of a 0.15°C difference between en-
vironment and convective plume temperature. This is the best and most direct
approach for the highly convection WPWP allowing for a further understanding
of how small changes in climatic variables can adjust the 0°C isotherm in the at-
mosphere. For a more detailed description of the model please reference Tripati

et al. (in review).

The radiative-convective model was employed to obtain a best-fit of the aver-
age lapse rate over Manus and Nauru to the model’s lapse rate. Because entrain-
ment is strongest during times of convection, the soundings used were those with
at least a minimum level of precipitation (0.005 mm/h average from one-minute
resolution optical gauge data) over a three-hour window about the sounding time
[61]. Additionally, the one piece of the model missing was the relative humid-
ity of the free lower troposphere, which is the region above the boundary layer.
The free tropospheric relative humidity is a vital piece of the puzzle as it repre-
sents the saturation level of the environmental air being entrained into a parcel.
Therefore, the drier the free tropospheric air then the steeper the lapse rate as
the parcel is drying out slowly as it rises. In order to accomplish this, the model
was configured with a present-day surface temperature of 28.8°C, surface relative
humidity of 81%, and an appropriate entrainment rate for the highly convective
WPWP. The model lapse rate, which matched the present-day sounding dataset

best, had a free lower tropospheric relative humidity of 76%. The four above-
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mentioned values will be considered the base values and sensitivity tests will be

applied in relation to these values.

Through this model, small variations in the aforementioned parameters are
changed to represent a plausible LGM scenario based on proxy data surface tem-
peratures and freezing level changes. Sensitivity tests were also performed to
determine the change in freezing level height corresponding to changes in the
specified parameters. This method gives reasonable ranges of change in surface
temperature and surface relative humidity for the LGM providing an upper and
lower limit in which one would expect the GCMs to fall within. From the work
by O’Gorman and Muller (2010), the WPWP has a ~0.5% change in surface
relative humidity and a ~1-1.5% change in relative humidity at 500hPa (free tro-
posphere) for a 1°C change in temperature. This will become an important range
of plausible changes in atmospheric variables for the sensitivity tests discussed in

the Results section.

2.3 CCSM analysis

The Community Climate System Model analysis is the final focus and main em-
phasis of the thesis. This research was granted early access to several key CCSM4
model runs and manuscripts thanks to Bette Otto-Bliesner, Senior Scientist in
the Paleoclimate Group in the Climate and Global Dynamics Division at the
National Center for Atmospheric Research in Boulder, Colorado. Analysis of
CCSM3 and CCSM4 has several different parts: the pre-industrial (PI) control
run, the LGM run, and the difference between the LGM and pre-industrial runs.

For each specific run, several variables are analyzed which include the fraction of
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land above water, temperatures at the surface, 600hPa, and 510hPa along with
vertical temperature profiles, precipitation rate, prescribed evaporation rate from
model latent heat flux, and wind/streamlines near the surface and 510hPa. The
mid-level analysis at 600hPa and 510hPa was selected, as these are the closest
atmospheric levels associated with the models” 0°C isotherm for the LGM and
PI runs, respectively. The 600hPa level corresponds to a height above sea level
of 4347m for CCSM3 LGM, 4329m for CCSM4 LGM, 4378m for CCSM3 PI, and
4351m for CCSM4 PI. The 510hPa level corresponds to a height above sea level
of 5634m for CCSM3 LGM, 5615m for CCSM4 LGM, 5679m for CCSM3 PI,
and 5650m for CCSM4 PI. The grid box used to represent the WPWP consists
of the region bounded by 15°S-15°N and 130°E-165°E. These coordinates were
selected as they encompass the paleoclimate proxy data locations and allow for
a large enough region to view outside processes that may be influencing the cli-
mate of the WPWP (Australian continent influence, Sahul Shelf emergence, and
mid-latitude and central Pacific atmospheric transport). In order to look at out-
side atmospheric transport of water vapor or dry air, the coordinate region was
expanded for the streamline analysis to 40°S-40°N and 40°E-100°W and a trans-
port streamline tracer analysis started at four locations: 15°N, 165°E; 0°, 165°E;
15°S, 165°E; 15°S, 150°E. The transport streamline tracers for the extended re-
gion started at 20°N, 140°W and 20°S, 140°W. The vertical temperature profile
was analyzed at two locations with one representing the open ocean with prox-
imity to one of the proxy data locations (1.4°N and 146°E) and the second above
the island of New Guinea (5°S and 140°E).

The PI run provides a baseline for the model’s overall performance and allows

understood model biases to be developed prior to analyzing the LGM runs. How-
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ever, it is important to keep in mind the biases each model produces during the
PI run as these will continue to plague the model for the LGM run and may even
increase in magnitude during times of extreme climate conditions. The LGM
run shows how the model reacts to different boundary conditions as specified
earlier and represents the basis for comparison to the paleoclimate proxy data.
Many factors can influence each of the variables listed, however, the much higher
horizontal resolution of CCSM4 seems to be the dominating aspect as will be
discussed further in the Results section. The final and most important model
analysis takes the difference between the LGM run and PI run for each model.
This shows each model’s sensitivity to the LGM boundary conditions and allows
further analysis on whether or not the model is replicating atmospheric processes
that seem feasible and fundamentally sound. One issue with the CCSM3 model
is the different horizontal resolutions between the LGM and PI runs. In order
to get around this the PI run was regrid onto the LGM grid. This resulted in
a loss of the PI run’s spatial resolution in order to match that of the LGM run,
but still allowed for a high enough resolution for analysis and conclusions to be

made between CCSM3 and CCSM4.

For each model the monthly values during the last 50 years of the PI and LGM
runs were analyzed to ensure the model was properly spun up and in a state
of equilibrium under the prescribed boundary conditions. This also minimizes
potential biases at the beginning of the model run as it approaches a steady state.
The PI run of CCSM3 timeframe is from 500/01 (model year/model month) to
549/12 and the LGM run is from 481/01 to 530/12. The PI run of CCSM4 is from
1251/01 to 1300/12 and the LGM run is from 1452/01 to 1501/12. By using the

last 50 years, the research is able to retain consistency with each models’ results.
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CHAPTER 3

Results and Discussion

3.1 Present-day mean vertical temperature profiles in the

WPWP

From the sounding data of Manus and Nauru, it was clear by superimposing
moist-adiabatic lapse rates over the vertical temperature soundings that on aver-
age the WPWP does not follow a moist adiabat. However, it is still necessary to
use the present-day conditions to calculate the freezing level from a moist adia-
bat approach in order to show the inconsistencies between the moist adiabat and

observational data.

Using a present-day SST of 28.8°C and near-surface relative humidity of
~81%, a rising parcel becomes saturated at ~600m above ground level under
the modern adiabat approach. Beyond the point of saturation the parcel contin-
ues to rise under moist adiabatic conditions until the freezing level is reached at
6000m which is much higher than the 5200m average of the sounding data and
the glacial extent data (~4700m). The greater-than-expected value is a result
of the lack of dry air entrainment in the moist adiabatic approach resulting in a
relatively lower lapse rate and higher freezing level. Doing the same analysis for

an LGM surface temperature reduction of 2°C, 3°C, and 4°C results in absolute

33



freezing levels of ~5400m, ~5000m, and ~4750m respectively. Therefore, the
adiabatic approach gives too large of absolute freezing levels during the modern
and LGM periods concluding that this approach is not a good model for pre-
dicting the absolute freezing height in the WPWP. With the understanding that
the moist adiabat approach overestimates the height of the freezing level, it is
still beneficial to examine the change in freezing level with changes in surface

temperature.

To match the absolute heights of the glacial extent at the LGM (assuming
the glacial snowlines are within 500m of the value) using the radiative-convective
model the change in the absolute freezing levels of modern data and LGM paleo-
climate data were considered. This change in freezing level was calculated as the
modern (4600-4700m) minus the LGM (3600-3700m) and estimated to be 900-
1000m [61]. Therefore allowing much simpler sensitivity tests to be performed on
the radiative-convective model to match the change in freezing level to see how

small changes in atmospheric variables change the freezing level.

In order to match the change in freezing level from the present-day to the
LGM, a 3°C surface temperature change corresponds to a freezing level decrease
of 925m which lies within the estimated range of 900-1000m [61]. Going to a
4°C surface temperature change results in a 1215m freezing level change which
is beyond the estimated LGM range but inside the bounds of the paleoclimate
data [61]. If one were to estimate the LGM change in surface relative humidity
required for an adiabat to match the glacial snowline data, the reductions would
be ~27%, ~22%, ~16%, and ~10% for surface temperature reductions of 2°C,
3°C, 4°C, and 5°C respectively [61]. Therefore, in order to match the LGM

snowline data in the WPWP using a moist adiabat, unrealistic deviations from
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the estimated surface relative humidity need to be invoked.

3.2 Applying an entraining plume model to study the

modern and LGM

The radiative-convective model (discussed above) was employed to obtain sensi-
tivity tests of changes in the surface air temperature, surface relative humidity,
and lower free tropospheric relative humidity corresponding to changes in the
height of the freezing level. The point of the sensitivity tests is to gain an under-
standing of how smaller changes in atmospheric conditions can affect the freezing
level height. This procedure is as close as feasible to the simplicity of the moist
adiabat but takes into account the impact of entrainment of environmental air
in the troposphere [61]. All of the atmospheric variables were set to present-
day values and the variable under investigation was changed to analyze specific
sensitivities. The sensitivity tests were as follows: a 1°C decrease in surface
temperature resulted in a 235m decrease in freezing level height, a 1% decrease
in surface relative humidity resulted in a 40m decrease in freezing level height,
and a 1% decrease in the lower free tropospheric relative humidity resulted in
a 2bm decrease in freezing level height [61]. To obtain the LGM freezing level
decrease of ~900-1000m exclusively from the surface temperature, it would have
had to decrease by ~3.8-4.3°C which is a plausible range compared to the ther-
modynamic proxy data discussed earlier. Relying on changes in relative humidity
at the surface or the free troposphere alone are too large to be plausible for a
cause of the decrease in freezing level, as their changes would be 22.5-25% and

36-40%, respectively [61]. Realistically the changes in atmospheric variables are
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not mutually exclusive therefore combining the sensitivity tests together gives
a more informative result to changes in the WPWP during the LGM. An equa-
tion of surface temperature change corresponding to vertical freezing level change
and changes in relative humidity due to temperature changes from research by

O’Gorman and Muller (2010) can be created from the sensitivity tests:

m % m % m
AHpy = (235—=*T 0.5= 40— T 1=%25—xT

m
AHﬂ = 280? *T

where AHy; is the change in the freezing level, T is surface temperature change
in degrees Celsius and the brackets represent freezing level height changes due
to surface temperature, surface relative humidity, and free tropospheric relative

humidity; from left to right.

Since large changes in the relative humidity of the surface and free troposphere
are unlikely during the LGM [40], matching AH s, with 900-1000m gives surface
temperature changes of 3.2 and 3.6°C, respectively. Based on the radiative-
convective model with an entrainment scheme, the LGM surface temperature was
~3.5°C cooler than present-day which falls within the range of the proxy data.
This places a very large emphasis on the freezing level reduction on changes in
surface temperature and not changes in relative humidity either at the surface or
in the free troposphere indicating that the LGM WPWP was much cooler than

present-day [61].
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3.3 CCSM analysis

Prior to analyzing the WPWP, the global perspective of CCSM3 and CCSM4 is
relevant in understanding how the modeled Earth was different during the LGM
according to the CCSM. This analysis is an average of monthly data over each
model runs’ last 50 years as noted in the Methods section. From Figure 5.12; it
is evident global surface temperature change was larger in CCSM3 over the high
latitude Atlantic and Southern Ocean whereas continental temperatures do not
have any significant changes between the two model versions. The LGM tropical
Pacific Ocean cooling is greater from the central Pacific Ocean to the coast of
South America in CCSM4, but subtropical surface temperature changes are larger
in CCSM3 as evident in Figure 5.12. The higher magnitude changes over the
oceans in CCSM3 contributed to the LGM-PI magnitude skin temperature change
being larger in CCSM3 with -5.5°C compared to -4.5°C in CCSM4. There are
stark differences from the precipitation rate anomalies between the two model
versions (Figure 5.13). CCSM3 tends to produce more LGM precipitation in
the central Pacific Ocean and around Antarctica whereas CCSM4 produces less
LGM precipitation over the same spatial area. On average, the precipitation
rate change between the two models is not significant and robust in magnitude
with LGM-PI changes of -0.35 mm/day and -0.28 mm/day, CCSM3 and CCSM4
respectively. From the larger temperature and precipitation changes, CCSM3 is

more sensitive to LGM boundary conditions than CCSM4 on the global scale.

It is beneficial to diagnose the models’ differences in order to determine if the
model has undergone improvements in the WPWP for the LGM simulations. The

key results for the model runs and differences are noted in Table 3.1. CCSM3
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Model Comparison Results
CCSM3 CCSM4
LGM | PI | LGM-PI | LGM | PI | LGM-PI
Surface Temp (°C) 25.9 | 27.9 -2.0 26.0 | 28.0 -2.0

600hPa Temp (°C) | 02 | 29 | 27 | 01 | 21 | =22
510hPa Temp (°C) -6.5 | -2.7 -3.8 -6.9 | -4.0 -2.9
Precip Rate (mm/day) | 6.5 6.8 -0.3 6.9 7.1 -0.1
Evap Rate (mm/day) 4.2 4.4 -0.2 4.2 4.5 -0.3

Land Above Sea Level | 15.8% | 9.4% 6.4% 18.9% | 9.1% 9.8%
Freezing Height (m) 4345 | 5031 -686 4247 | 4731 -484

Table 3.1: Model Comparison Results for CCSM3 and CCSM4 for the domain of the
WPWP region.

indicates the WPWP cooled by ~2.0°C at the LGM and CCSM4 results showed
a similar surface cooling of 2.0°C, which are both less than the more recent
paleothermometry records and radiative-convective model but lie within the range
of all paleoclimate data. Freezing level (0°C isotherm) reductions were 686m for
CCSM3 and 484m for CCSM4, however these reductions are not as large as the
~900-1000m reductions in the paleoclimate glacial extent record. Additionally,
the freezing level heights (Table 3.1) are higher than the paleoclimate record
(~3600-3700m for LGM and ~4600-4700m for modern era) in all models except
the CCSM4 PI run where the model comes relatively close to replicating the data

snowline data.

The resolution difference between CCSM3 and CCSM4 is shown in Figure 5.14.
The lower resolution CCSM3 PI and LGM runs and the higher resolution CCSM4
PI and LGM runs have an area averaged fraction of land above water in the
WPWP of 0.1 for the PI and 0.2 for the LGM. The difference between the LGM
and PI model runs for CCSM3 and CCM4 is both ~0.1, however, CCSM4 has

3.4% more land above sea level in the warm pool. Both models clearly repre-
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sent the emergence of the Sahul Shelf between Australia and Papua New Guinea
(PNG), however, CCSM3 does not completely represent PNG’s coastal bound-
aries and islands toward the east. Even with the much smaller grid spacing of
CCSM4 the model still does not show all islands that are present with today’s
sea levels. An additional note is the vertical extent of the topography is larger
in CCSM4 than CCSM3 over the mountain islands, specifically PNG as evident

in the surface pressure (Figure 5.15).

Each pressure level below the PNG mountain surface pressure undergoes in-
terpolation of all model variables to sea level. The lowest PNG surface pressure
in CCSM3 PI is 940hPa, CCSM3 LGM is 970hPa, CCSM4 PI is 890hPa, and
CCSM4 LGM is 885hPa. To no surprise the higher resolution CCSM4 represents
the highest peaks of PNG (Figure 5.15) much more accurately not only resulting
in lower surface pressure but also lower surface temperatures as discussed in the

forthcoming temperature gradient analysis.

The change in surface temperature in the WPWP from the PI to LGM is
~2.0°C for CCSM3 and CCSM4 which is significantly smaller than the cooling
seen from paleothermometry. The WPWP’s average surface temperature for the
CCSM3 PI run is 27.9°C and 25.9°C for the LGM run, whereas for the CCSM4
PI run it is 28.0°C and 26.0°C for the LGM run. From Figure 5.16, it is evident
most of the CCSM3 LGM cooling in the WPWP is coming from north of the
equator where there is a large area of -2.5 to -2°C temperature changes whereas
CCSM4 exhibits a smaller cooling in this region of -2 to -1.5°C. Notable fea-
tures of the CCSM3 difference plot includes the smaller amount of cooling (-1.5
to -1°C) just south of the equator into the Pacific Ocean, significant cooling (~

-4°C) south of PNG where the Sahul Shelf was above water during the LGM,
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and small amounts of cooling (-2.5 to -1.5°C) over the land areas of PNG and
northern Australia. Overall, the differences in CCSM3 appear to be scattered
and not representative of homogenous oceanic or land-based cooling, but instead
are heterogeneous in structure as characteristic of the varying degrees of cooling
from the land to the equator and up toward the subtropics. In contrast, the
CCSM4 LGM-PI differences are much more uniform as a majority of the cooling
above the ocean is between -2 to -1.5°C. As land is approached the temperature
gradually increases in cooling to the point where the Sahul Shelf has a tempera-
ture difference greater than -4°C which was expected as this region is going from
warm ocean temperatures to a land surface. The increased resolution of CCSM4
is noticeable in the representation of cooling on and around PNG of -3 to -2.5°C
as compared to the heterogeneous cooling around PNG in CCSM3. From this
comparison it is clear that CCSM4’s resolution allows the model output to be
smoother, but in doing so places much cooler regions where land is located and
does not cool the open ocean as much as CCSM3 or research results from proxy

data.

The 600hPa LGM temperature departures from PI runs for CCSM3 and
CCSM4 are -2.7°C and -2.2°C, respectively. The temperatures for the LGM
runs at the 600hPa level are 0.2°C for CCSM3 and -0.1°C for CCSM4 whereas
2.9°C for CCSM3 PI and 2.1°C for CCSM4 PI. It is clear both LGM and PI runs
of CCSM4 are cooling faster vertically than the CCSM3 runs which is a conse-
quence of the enhanced entrainment scheme implemented in the CCSM4 runs.
From Figure 5.17, it can be seen that the CCSM3 differences are not uniform
and range from -3 to -2°C across the open ocean, -2 to -1.5°C over the western

mountains of PNG, and greater than -3°C as one moves toward the subtropics
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(15°N/S). CCSM4 differences do not illustrate a large separation of tempera-
tures and instead vary between -2.5 to -2°C except for regions above land (-3 to
-2.5°C) where the temperature difference is slightly larger. The major difference
between model 600hPa (~freezing level) temperatures is a more uniform struc-
ture in CCSM4 whereas CCSM3’s cooling can be split up into zonal bands from

the equator to the subtropics.

The 510hPa LGM temperature departures from PI runs for CCSM3 and
CCSM4 are -3.9°C and -2.9°C, respectively. This continued the trend of CCSM4
cooling faster than CCSM3 where at 510hPa the temperatures across the WPWP
were as follows: -2.7°C CCSM3 PI, -6.5°C CCSM3 LGM, -4.0°C CCSM4 PI, and
-6.9°C CCSM4 LGM. It is important to note the CCSM4 LGM surface tem-
perature was larger than CCSM3 LGM so therefore the change with pressure
is greater for CCSM4 than it is for CCSM3. From Figure 5.18, the zonal tem-
perature structure of CCSM3 is lost slightly where the open ocean difference is
-4 to -3.5°C and over the Sahul Shelf it is -4.5 to -4°C. CCSM4 has a uniform
temperature structure from the open ocean (-3 to -2.5°C) to over land (-3.5 to
-3°C) which physically makes sense as the land temperature will decrease faster

due to the lack of water vapor compared to the open ocean region.

The surface temperature gradient in the WPWP, which is the temperature
change from the surface of the PNG mountains to the surface temperature di-
rectly above the equatorial ocean waters northeast of PNG showed large changes
between models and scenarios. For each model run, the 50-year average surface
temperature of the two locations was analyzed and compared between model
runs. The CCSM3 PI run’s PNG mountain temperature is 25°C and the tem-

perature above the ocean is 28.5°C representing a temperature gradient of 3.5°C.
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In comparison, the CCSM3 LGM run’s PNG mountain and ocean temperatures
are 21.5°C and 27°C, respectively, leading to a 5.5°C temperature gradient. This
mountain-to-ocean surface temperature gradient is more evident in the CCSM4
model runs. The PNG mountain surface temperature is lowest at 20°C and above
the ocean the temperature is 29°C corresponding to a temperature gradient of 9°C
for the CCSM4 PI run. The CCSM4 LGM run shows the largest mountain-to-
ocean temperature gradient of 10°C where the PNG mountain and open ocean
temperatures are 27°C and 17°C, respectively. From this analysis, it is clear
the enhanced topography and spatial resolution of CCSM4 resulted in a larger
mountain-to-ocean temperature gradient, as the PNG mountain temperature is
much lower in CCSM4 than CCSM3. The mountain-to-ocean surface tempera-
ture gradient in the WPWP at 600hPa (Table 3.2) is similar to the results at
the surface except for each model run the 600hPa magnitude is smaller. The
gradient is smaller in the CCSM3 LGM run than the PI run which is a reversal of
the surface gradient. The CCSM4 runs have larger temperature gradients than
CCSM3 over PNG, which may have initialized from a mountain boundary layer
that is persistent to unreasonable heights above the PNG mountain range due
to the higher topographic resolution of CCSM4 compared to CCSM3. NCEP
reanalysis over the WPWP shows the temperature converging between the ocean
and area above PNG to a homogenous temperature as seen in Figure 5.19 taken
from Tripati et al. (in review), therefore demonstrating an area of weakness in the
model temperature simulation. Similarly, the 510hPa mountain-to-ocean surface
temperature gradient is still evident and increased in the CCSM3 PI (3°C), LGM
(2.5°C), and CCSM4 PI (5°C) runs but stayed at 5.5°C for the CCSM4 LGM

run. This is as expected since the 510hPa and 600hPa levels are spatially close,
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600hPa Mountain-to-Ocean Temperature Gradient

Model Run | PNG Temp (°C) | Ocean Temp (°C) | M-O Gradient (°C)

CCSM3 PI 2.8 0.5 2.3
CCSM3 LGM 0.2 -1.2 1.4

CCSM4 PI 2.0 -2.5 4.5
CCSM4 LGM 0.0 -9.5 5.5

Table 3.2: The temperature gradient for each model runs at 600hPa from above PNG to
the open ocean northeast of the island denoted as PNG and Ocean, respectively, in the
table. M-O is the temperature gradient (°C) calculated as 600hPa PNG Temperature
minus the 600hPa Ocean Temperature.

however, it is interesting as to why the CCSM3 LGM gradient increased by 1°C
between the two levels. Prior knowledge and NCEP reanalysis data show rela-
tively homogenous temperatures at higher levels of the troposphere above land
and ocean surfaces (Figure 5.19). Finally, the 510hPa and 600hPa levels repre-
sent the atmospheric freezing level for the PI and LGM scenarios, respectively.
For the two pressure levels and each model version/run, a range of 1.5-5.5°C for
the temperature difference between the mountains and ocean regions corresponds
to a 230-850m freezing level difference assuming a moist adiabatic lapse rate of
6.5°C/km. This difference falls in line with the ~500m discrepancy between
the 0°C isotherm derived from sounding data in the WPWP and the tropical
glacial extent in PNG as discussed in the methods section leading to a possible
explanation to the aforementioned difference.

The vertical temperature structure above PNG and the proxy location (dis-
cussed in the Methods section) for both CCSM3 and CCSM4 in Figure 5.20
shows the much cooler surface temperatures for PNG in CCSM4. There are large
changes in the lower troposphere; however, the changes in the upper troposphere

are negligible. The CCSM3 LGM temperature structure over the open ocean is
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similar to that of the PI run’s structure over PNG as illustrated at pressure levels
below 510hPa, however, the CCSM4 model runs depict temperature structures
that are not aligned. This is due to the fact that the surface temperature be-
tween the two regions is significantly different allowing no merge in the lower or
upper troposphere thus leading to a heterogeneous model vertical temperature
structure between the two areas. The temperature profiles at the surface and the
majority of the lower-troposphere are farther apart in CCSM4 whereas CCSM3
temperature profiles are very close (Figure 5.20) indicating more sensitivity in
CCSM4. The CCSM3 LGM-PI (Figure 5.21) shows that for a majority of the
vertical extent the temperature difference is largest over the open ocean proxy
site and smaller over PNG. However, the opposite is true for the CCSM4 runs
where the differences are much larger over PNG for all pressure levels except for
710hPa indicating that the cooling during the LGM is larger over land surfaces

throughout the entire extent of the lower troposphere in the WPWP.

This could be the link between the discrepancies of the present-day glacial
extent observation records and the freezing level in the sounding data. The false
mountain boundary layer as seen in both CCSM3 and CCSM4 extends all the
way up to the upper-levels of the troposphere which is realistic near the mountain
but should diminish in effect as the mountain peak is surpassed. From NCEP
reanalysis data, the temperature difference above a mountain and the open ocean
decreases with increasing height, however both models retain some amount of
temperature gradient. This leads to a possible flaw in the models’ handling of
mountain boundary layers in the vertical extent which could be caused by model
numerical treatment around mountains, interaction with the convective scheme,

or an error from interpolating sigma coordinates to pressure coordinates. This
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has the potential to be a future research topic with implications to an increased
understanding of tropical mountainous islands and their effects on surrounding
atmospheric variables. Additionally, the change in temperature between 1000hPa
and 510hPa do not vary much between the model scenarios over the open ocean.
The largest variations are between CCSM3 PI of 29.5°C and CCSM4 LGM of
32°C, which further indicates the CCSM4 LGM run has a steeper lapse rate than
all other model runs. The steeper lapse rate is consistent with the results from
the aforementioned dry air entrainment radiative-convective model. However,
this difference is not significant and only varies by 2.5°C from the smallest and

largest surface-to-500hPa temperature decrease.

In order to analyze the precipitation rate across the WPWP, one must first
distinguish between the convective precipitation rate (precc) and the large-scale
(stable) precipitation rate (precl). CCSM4 LGM runs only output the total
precipitation rate making the results based on analyzing the total precipitation
rate as opposed to a distinction between the convective or large-scale precipi-
tation rates, but the WPWP mostly undergoes convective precipitation as will
be evident in the following discussion and therefore the emphasis of this section.
Table 3.3 shows total precipitation rates by category. It is clear, and observed,
that convective clouds produce the vast majority of precipitation in the WPWP,
however, during the LGM period the models predict the convective precipitation
takes an even larger role as the large-scale rate falls according to CCSM3. For
CCSM4, all that can be stated is the amount of precipitation in the WPWP
is much less (0.139 mm/day) during the LGM than the PI period. From Fig-
ure 5.22, CCSM3 output shows large increases of precipitation during the LGM

along the equator in the western Pacific of up to 2 mm/day and large decreases
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CCSM3 CCSM4
Variable | LGM | PI | LGM-PI | LGM | PI | LGM-PI
PRECC | 6.3 | 5.9 0.4 — |53 —
PRECL | 0.2 |0.9 -0.7 — |18 —
TOTAL | 6.5 |6.8 -0.3 6.9 |71 -0.2

Table 3.3: Individual variable and total precipitation rates (mm/day) for the WPWP.
PRECC is the convective precipitation rate and PRECL is the large-scale (stable)
precipitation rate.

in the southern portion of PNG and north of 9°N which is likely a result of the
increased rising vertical motion near the equator. CCSM4 represents more zonal
bands of increases and decreases in the precipitation rate, specifically a large de-
crease of more than -3 mm/day over all of PNG and an increase greater than 1
mm /day along the equator. Overall, the modeled LGM period sees 0.33 mm/day
and 1.32 mm/day less precipitation in CCSM3 and CCSM4, respectively. Thus
indicating agreement that the LGM period was a time of less precipitation in the

WPWP, but not agreement in magnitude change.

The changes in evaporation rates from the LGM to PI across the WPWP
were very small in both CCSM3 and CCSM4, where the models simulate a 0.2
mm/day increase and 0.3 mm/day increase over the entire region, respectively.
This would be expected as CCSM3 shows a decrease in large-scale precipitation
therefore decreasing the amount of cloud cover over the region. Figure 5.23 shows
the large area of evaporation rate increases (less than 0.5 mm/day) in CCSM3
are almost balanced by the smaller area of large evaporation rate decreases (up
to -3 mm/day) over the Sahul Shelf region. The latter is represented in CCSM4;
however, the large positive evaporation rate differences do not exist near the

equator as much as in CCSM3. The Sahul Shelf is represented in CCSM4 by a
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much larger area of evaporation rate decreases compared to CCSM3, which is a

direct response to the different model grid resolutions and higher topography in

CCSM4.

The changes in surface wind speed and direction can be broken down into
zonal and meridional directions for ease in understanding the separate compo-
nents. For CCSM3 across the WPWP during LGM, the zonal wind was stronger
easterly by 0.8 m/s and the meridional wind was weaker northerly by 0.3 m/s. For
CCSM4, the zonal wind was stronger easterly by 1.3 m/s, however, was stronger
southerly by 0.3 m/s. Therefore the change in zonal wind was in agreement
between the two models, but the change in meridional wind was not. Specific
features from CCSM3 surface winds during LGM (Figure 5.24) include a decrease
in the transport from northern Australia to western PNG over the Sahul Shelf
and a decrease in the easterly trade winds. This decrease in trade winds would
have caused a decrease in equatorial upwelling resulting in a smaller temperature
difference near the equator when compared to the corresponding areas around
the equator. Features of CCSM4 LGM surface winds include weaker transport
across the Sahul Shelf region than CCSM3 as a result of the increase in topogra-
phy resolved within CCSM4. Features from CCSM3 minus CCSM4 surface wind
show a decrease in Northern Hemisphere subtropical transport and easterly trade
winds in CCSM4 during both the PI and LGM runs. This indicates less subtrop-
ical dry air intruding into the WPWP, which would have kept the surface relative
humidity of the LGM similar to what it is presently. The extended region surface
wind pattern shows the increased NH subtropical air flowing directly into the
WPWP in CCSM3 and little to no changes in the transport for CCSM4 from the

LGM to PI runs which further indicates that the CCSM3 model run transported
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CCSM3 CCSM4

Wind Direction | LGM | PI | LGM-PI | LGM | PI | LGM-PI
U (m/s) 64 |52 -12 | 65 |61 -04
V (m/s) 01 | 11| -1.0 | 07 |01 | -08

Table 3.4: WPWP area average wind (m/s) in the zonal (U) and meridional (V)
directions at 510hPa. Negative values correspond to easterly wind in the U-direction
(zonal) and northerly wind in the V-direction (meridional).

drier air into the WPWP compared to the CCSM4 run. This would affect the
surface relative humidity to decrease and atmospheric lapse rate to increase in

CCSM3 runs, which was discussed earlier.

The average zonal wind at the 510hPa level increased in magnitude in the
easterly direction during the LGM by 1.2 m/s for CCSM3 and 0.4 m/s for CCSM4.
The WPWP-averaged meridional wind is southerly for all model runs except
CCSM4 LGM, however, as seen in Table 3.4 each model change from LGM to PI
shows increases in the northern wind values representing an increase in transport
to the north averaged over the WPWP or in other terms the LGM was a time
when northern transport was not as strong compared to PI runs. The average
meridional wind decreased similarly in both models with 1.0 m/s for CCSM3 and
0.9 m/s for CCSM4. Specific features from the CCSM3 510hPa wind include large
increases in LGM easterlies north of the equator and an increase in equatorial
transport around PNG and Australia. The most striking feature from CCSM4 is
that the LGM zonal wind north of the equator is faster east of 142°E and slower
west of 142°E compared to the PI run. This may be caused by a decrease in wind
speeds as they approach Southeast Asia and higher topography due to decreases
in sea level. The predominant difference between the two models is the increase

in 510hPa level equatorial winds in CCSM4 for both the LGM and PI runs and
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a stronger upper-level subtropical high pressure in CCSM3 north of the WPWP
in the LGM runs.

The surface WPWP streamlines (Figure 5.25) for the CCSM3 PI run has more
direct transport from the northern hemisphere subtropics as the tracer placed at
15°N, 165°E travels across the WPWP to ~3°N, 130°E whereas the same tracer
for the CCSM4 PI run only goes as far south as ~9°N. This indicates CCSM3 has
a tendency to transport drier subtropical air into the WPWP whereas CCSM4
keeps most of the subtropical transport north of 6°N and away from the center of
the WPWP. Evidence for this can be seen in the precipitation rate analysis above
as CCSM3 PI has ~1.6 mm/day less than CCSM4 PI. This continued for the
LGM runs albeit not to as extreme meridional distances where the same tracer for
CCSM3 transported subtropical air slightly north of 6°N and the CCSM4 LGM
run to ~10.5°N. This indicates that the cooler WPWP during the LGM may have
had a higher relative humidity than present-day as a result of a reduction in the
Northern Hemisphere dry-air advection into this region The equatorial transport
for each model showed roughly the same result with a parcel starting at the
equator travelling to the region of western PNG. The only exception is CCSM3
PI has the tracer travelling north of PNG and drifting out of the WPWP region
at the equator instead of into PNG. It is clear from a comparison of CCSM3
and CCSM4 above PNG that the CCSM4 runs have a good depiction of the
topography as the streamlines converge in the middle of the island and stop
representing orographic lift whereas the CCSM3 run streamlines go through the
island indicating a lack of high enough mountainous terrain representation. The
southeastern WPWP streamline tracer (15°S, 165°E) transports subtropical air

directly into PNG for each model indicating there is no change from PI to LGM
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conditions therefore not influencing the amount of dry/moist air transport into
the WPWP. The final WPWP surface streamline analysis is over the Arafura
Sea/Sahul Shelf region from an initial point of 15°S, 150°E. The CCSM3 PI run
streamline transports a parcel south of PNG all the way to the equator and
represents the farthest point north of all model run transports for this specific
tracer. The other model runs show transport south of PNG and a more zonal
route to ~9°S. However, as the majority of streamlines south of the equator
and east of PNG have direct transports into the center of the WPWP, it is
not expected that the small deviations in the Arafura Sea/Sahul Shelf region
would impact the amount of dry air transport to change the precipitation rate.
Therefore, the largest difference between the model streamlines is the transport
from the subtropical region of the Northern Hemisphere where CCSM3 tends to
bring drier surface air into the WPWP whereas CCSM4 tends to keep the drier air
farther north of the central WPWP. Furthermore, both CCSM versions have less
Northern Hemisphere subtropical, dry-air advection into the WPWP potentially
maintaining, if not increasing, the surface relative humidity at present-day values

in this region during the LGM.

Figure 5.26 represents the extended region surface streamlines in order to
obtain a better understanding of surface transport into the WPWP. The extended
region surface streamline tracer beginning at 20°S, 140°W does not show a large
difference between the four model runs. However, the tracer commencing at 20°N,
140°W does differ between the models where CCSM3 tends to transport the parcel
farther south into the WPWP, just north of the equator, and CCSM4 keeps the
parcel at a trajectory farther north from the WPWP for the PI and LGM runs.

This is in agreement with the aforementioned surface streamline analysis further
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indicating that the CCSM3 model tends to transport drier surface air into the
WPWP region while CCSM4 does transport it into the WPWP but not as direct
or deep into the center of the WPWP. This supports the idea that CCSM4 runs
will have a more moisture in the WPWP leading to larger precipitation rates as

suggested in the precipitation analysis.

Further up in the atmosphere, the 510hPa WPWP streamlines are mainly
zonal for each of the different model runs. The CCSM4 runs tend to be more
zonal across the entire WPWP, whereas the CCSM3 runs are zonal in structure
but have smaller scale troughs and ridges in both the PI and LGM runs. Subtrop-
ical dry air transport at 510hPa does not change between the models resulting
in no noticeable large-scale changes in atmospheric transport during the LGM.
The same can be said for the extended region 510hPa streamline analysis. There-
fore the most important changes in LGM dry air transport reside in the surface

transport from the Northern Hemisphere.
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CHAPTER 4

Conclusion

From this research, the moist-adiabatic lapse rate for the highly convective WPWP
is not the best approach for understanding the vertical structure of the present-
day or LGM period in the western Pacific warm pool [61]. Analysis of the DOE
ARMS datasets for Nauru and Manus showed the mean vertical structure of
the troposphere cannot be described by a moist adiabat. The WPWP has an
annual-average surface temperature of 28.8°C and the height of the freezing level
averages 5200m according to sounding data. Applying the moist adiabatic ap-
proach to present-day WPWP conditions results in a freezing level of 6000m above
the surface or 800m above sounding data and 1300m above the glacial extent.
As a result, the moist adiabatic approach in the WPWP is not an appropriate

technique for calculating atmospheric freezing levels in the tropics [61].

Use of an entraining model to simulate modern and LGM mean vertical struc-
ture shows this model can reproduce observations by entraining lower relative hu-
midity free-tropospheric air into an ascending parcel. Absolute freezing levels for
the LGM are 4900m assuming SST's of 25.3°C (3.5°C SST reduction) with a non-
entraining model, and 3620m with an entraining model. The model sensitivity
results stated changing the surface temperature 1°C decreased the freezing level

235m, reducing the surface relative humidity 1% decreased the freezing level 40m,
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and a 1% reduction of free tropospheric relative humidity decreased the freezing
level 25m [61]. Therefore, the WPWP during the LGM was ~3.5°C cooler than
the pre-industrial era based on the entraining model and the glacial extent levels.
These sensitivities and present-day WPWP conditions were able to replicate the
vertical structure in the entraining model whereas the moist adiabatic approach
was not able to replicate this structure. Therefore, entrainment plays a vital role

in WPWP dynamic processes and should be included in all models in the future.

By analyzing two model versions (3 and 4) of the Community Climate System
Model, it is evident that in a GCM, the effects of entrainment on the vertical
temperature structure in the WPWP are important. Since the WPWP is an
area of active convection year round, the differences in the vertical temperature
structure of CCSM3 and CCSM4 did result in larger lapse rates for CCSM4 where
the entrainment scheme was updated to more realistically represent atmospheric
convection. The CCSM runs both output surface temperature changes during
the LGM that are much smaller than the recently published Mg/Ca or clumped
isotope paleothermometry data. However, the updated version of the model has
a much better handle on WPWP processes like precipitation rate due to the
enhanced grid resolution and the updated entrainment scheme. The CCSM runs
(both PI and LGM) indicate that although the model is not perfect, as was
expected, but is improving significantly over time.

An important model component taken from this paper is that transport of
drier subtropical surface air from the Northern Hemisphere was not as large dur-
ing the LGM compared to the PI runs. This indicates that even though the LGM
was a period of colder temperatures and less convective activity (reduced precip-

itation rates), if the LGM period was a time of reduced dry-air advection from
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the Northern Hemisphere subtropical regions into the WPWP this would have
resulted in decreased subtropical-tropical air mass mixing causing the surface rel-
ative humidity to be similar or even larger than present-day values, during the
LGM. Therefore, a lower surface temperature combined with small changes in
the atmospheric moisture would preserve the surface relative humidity resulting

in no large differences from present-day to LGM surface relative humidity values.

The model runs have previously known biases and flaws, however this thesis
has pointed several key issues. The most significant is the mountain boundary
layer, discrepancy between temperature over the mountain and open ocean that
was evident all the way up to the upper-levels of the troposphere. If this is
persistent above all mountain ranges, then it represents a significant flaw in the

model versions and should be looked at for future work.

Much more work needs to be done in the area of paleoclimate modeling. It
is important to understand that if the scientific community has a handle and
comprehension of extreme climates of the past, they can begin to predict what

will happen in the future to a greater degree of confidence.
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CHAPTER 5

Figures
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Figure 5.1: From CLIMAP Project Members (1976), SST, ice extent, ice elevation,
and continental albedo for Northern Hemisphere summer (August) 18,000 years ago.
CLIMAP found warm pool cooling of ~1°C during the LGM. Contour intervals are
1°C for isotherms and 500m for ice elevation. Continental outlines a sea level lowering
of 85m (believed sea level lowering at the time). Albedo values are given by the key.
(A) Snow and ice; albedo over 40%. Isolines show elevation of the ice sheet above sea
level in meters. (B) Sandy deserts, patchy snow, and snow covered dense coniferous
forests; albedo between 30-39%. (C) Loess, steppes, and semideserts; albedo between
25-29%. (D) Savannas and dry grasslands; albedo between 20-24%. (E) Forested and
thickly vegetated land; albedo below 20%. (F) Ice-free ocean and lakes, with isolines
of SSTs in °C; albedo below 10%.
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Distribution of MARGO Last Glacial Maximum SST proxy records
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Figure 5.2: Location of proxy records of LGM SST included in the MARGO recon-
structions [30].

30°N

o°

Figure 5.3: Map of reconstructed LGM annual mean temperature anomalies for the
30°S-30°N tropical band computed as LGM-World Ocean Atlas 1998 [34].
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Figure 5.4: LGM ice sheet boundary conditions for PMIP where the height is in meters
relative to sea level [42].
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PMIP simulations with CLIMAP SSTs
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Figure 5.5: Annual mean changes in surface air temperature at the LGM. Average of
all the PMIP simulations interpolated to the same grid: (top) the 7 simulations using
CLIMAP SSTs and (bottom) the 8 simulations using computed SSTs. Fields represent
the LGM present-day values. Isolines at -20°C, -14°C, -8°C, -6°C, -4°C, -2°C, -1°C,
0°C, 1°C. Dark grey above 1°C and light grey below -20°C [27].

o8



Min -35.335 Max -1.39625

Averaged models:
ccsm

ECBILTCLIO
ECHAMS3-MPIOMIZ7LF
FGOALS-1.09

IPSL-CM4-V1-MR
MIROC32

=40 =20 “10 -2 5

Figure 5.6: Model average surface air temperature change (LGM-0k) in °C from the
PMIP2 LGM database.
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Figure 5.7: PMIP3 LGM boundary condition for ice sheet extent and height (in meters)
from the PMIP3 dataset.
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CCSM3 - GPCP
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Figure 5.8: Differences in annual-mean total surface precipitation between the GPCP
dataset and CCSMS3 indicating model biases [11].
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Figure 5.9: Differences in annual-mean surface temperature between the HadISST
dataset and CCSM3 indicating present-day model biases [11].
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Figure 5.10: Mean SST (°C) from the Hurrell et al. (2008) observations. The observa-
tions use (1870-99) and all runs use (871-900) [18].
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Figure 5.11: Differences of model land surface air temperature (°C) from observations
from 1950-99. Models use the twentieth-century run. In (c) and (f) green (red) areas
are where CCSM4 (CCSM3) is in better agreement with the observations; gray areas
indicate no difference [18].
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CCSM3 LGM=PI Surface Temperature
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Figure 5.12: Annual mean change in surface skin temperature (°C) for CCSM3 (top)
and CCSM4 (bottom) calculated as LGM-PI runs contoured at -30°C, -20°C, -10°C,
-5°C, -4°C, -3°C, -2°C, -1°C, 0°C, and 1°C
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CCSM3 LGM—PI Precipitation Rate (mm/day)
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Figure 5.13: Annual mean change in precipitation rate (mm/day) for CCSM3 (top)
and CCSM4 (bottom) calculated as LGM-PI runs countoured at -3, -2, -1, 0, 1, 2, and
3 mm/day.
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Figure 5.14: Fraction of land above sea level representing model topographic boundary
conditions contoured at 0.1 increments where 1.0 is completely above sea level and 0.0
is below sea level.
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Figure 5.15: Annual mean surface pressure (in hPa) for the WPWP denotes the to-
pographic increases due to higher resolutions in the CCSM4 model runs (bottom)
compared to the lower resolution CCSM3 model runs (top). Contours are in 20hPa
increments.
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CCSMJ3 LGM—PI Surface Temperature
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Figure 5.16: Annual mean change in surface skin temperature for CCSM3 (top) and
CCSM4 (bottom) calculated as LGM-PI runs contoured at -5°C, -4.5°C, -4°C, -3.5°C,
-3°C, -2.5°C, -2°C, -1.5°C, -1°C, and -0.5°C.
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Figure 5.17: Annual mean change in 600hPa temperatures (°C) for CCSM3 (top) and
CCSM4 (bottom) calculated as LGM-PI runs.
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CCSM3 LGM-PI 510hPa Temperature
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Figure 5.18: Annual mean change in 510hPa temperature (°C) for CCSM3 (top) and
CCSM4 (bottom) calculated as LGM-PI runs.
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Figure 5.19: From Tripati et al., (in review), sites studied and modern temperatures
in the warm pool. Shown are core localities study (Ocean Drilling Program Site 806B,
MD97-2138, and V24-109) and mountains in Papua New Guinea and Borneo that
were glaciated at the LGM (Tr = Mount Trikora, Ki = Mt. Kinabalu, Gi = Mt.
Giluwe, Wi = Mt. Wilhelm, Vi = Mt. Victoria, Ba = Mt. Bangeta, Ma = Mt.
Mandala, Ja = Mt. Jaya, Sc = Mt. Scorpio, Al Mt. Albert Edward). Also shown are
average summer (June-July-August) air temperatures at the 600hPa pressure level (for
1979-2010; NCEP2 re-analysis dataset) and SST (for 1982-2010; Reynolds re-analysis
dataset). These datasets indicate that tropospheric temperatures over Papua New
Guinea and Borneo typically is not more than a couple of tenths of a degree different
from the same pressure level over the ocean, and that seasonal variability in average
SST is typically less than 0.4°C at the three open ocean sites studied.
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CCSM3 Temperature Profile
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Figure 5.20: Annual mean vertical temperature (°C) profile above PNG (orange=LGM
and blue=PI) and a paleothermometry location (green=LGM and yellow=PI). The
freezing level heights for CCSM3 are 4345m at the LGM and 5031m for the PI run
compared to 4247m at the LGM and 4731m at the PI run for CCSM4.
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Figure 5.21: Annual mean vertical temperature (°C) profile change from LGM-PI con-
trol run. The blue line represents the location above PNG and the yellow line is above
the paleothermometry location. The heights above sea level are 1000m at ~900hPa,
2000m at ~800hPa, 3000m at ~710hPa, 4000m at ~630hPa and 5000m at ~560hPa.
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Figure 5.22: Annual mean change in total precipitation rate (mm/day) for CCSM3
(top) and CCSM4 (bottom) calculated as LGM-PI runs and contoured at -3, -2.5, -2,
-1.5, -1, -0.5, 0.5, 1, 1.5, and 2 mm/day.
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CCSM3 LGM—PI Evaporation Rate (mm/day)
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Figure 5.23: Annual mean change in evaporation rate (mm/day) for CCSM3 (top) and
CCSM4 (bottom) calculated as LGM-PI runs and contoured at -3, -2.5, -2, -1.5, -1,
-0.5, 0, and 0.5 mm/day.
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Figure 5.24: Annual mean surface wind vectors for CCSM3 (top) and CCSM4 (bottom).
The length of the vector is proportional to wind speed (m/s).
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Figure 5.25: WPWP surface streamlines representing the transport of air and moisture
in and around the warm pool. Streamlines are colored according to speed in m/s.

76



OCSM3 LGM Rm (481 -530) Surface Streamlinea {m/a} CC5M3 PI Run (500-549} Surface Streamlines (m/s)

mm

o ooy M-IG-EIN weE: SR ]

i SO E-10-2- 1005 Sl G0 EES - 10-E- 1008

Figure 5.26: Extended region into the Pacific and Indian Oceans of surface streamlines
(m/s) representing surface air and moisture transport into the WPWP for CCSM3
(top) and CCSM4 (bottom).
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