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Dissertation Director:
Jennifer A. Francis

This study explores processes that greatly affect the energy balance of the Arctic
system: moisture convergence (net precipitation) and the poleward transport of moist
static energy (MSE). Because Arctic temperature response to climate perturbations,
particularly in the context of global climate change, is amplified compared to that of
middle and lower latitudes, this work attempts to identify mechanisms that contribute to
Arctic amplification, as well as the physical processes that govern them. The MSE is
derived as a sum of latent heat flux (LH) and dry static energy flux (DSE) across an
imaginary wall at 70°N latitude. | analyze changes in these variables over the next
century by using output from a globa climatesystem model simulation by the
Community Climate System Model, version 3 (CCSM3) that assumes greenhouse

emissions will follow the trajectory of recent years. Although troposphericDSE is



predicted to decrease by about 3.5% by the end of 21% century, it is offset by an increase
in LH of about 20% from its 20™" century average. These changes combine to result in a
total increase in tropospheric MSE of about 1.6% by the late 21% century. Net
precipitation in the central Arctic is projected to increase by 16% toward the end of the
21% century.

Modeled and observed sea level pressure fields are classified using a neural- network
technique called self-organizing maps to create a set of characteristic circulation patterns
over the region north of 60°N. By relating moisture transport and convergence to a
particular circulation regime, future changes are attributed to varying atmospheric
dynamics and/or thermodynamics. The model projects an increase in MSE in all seasons
owing to more frequent occurrence of high-latitude cyclones, particularly in summer. The
contribution from thermodynamic factors, related to an increased poleward moisture
gradient and the consequent increase in LH, is offset by a decrease in the poleward
temperature gradient and a decrease in DSE. An increase (decrease) in the
thermodynamic effects is most pronounced in summer (winter). The projected increase in
moisture convergence in mainly governed by thermodynamics, which explains over 70%

of the total change in the Arctic region.



Preface

The main focus of thiswork isto gain understanding of mechanisms driving the observed
and projected Arctic climate change. Processes with potential to strongly affect the Arctic
energy balance, and consequently induce temperature perturbation are changes in moist
static energy transport and moisture convergence (net precipitation). Each chapter of this
dissertation consists of a manuscript prepared or submitted for publication in the Journal

of Climate.
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1. Introduction

The Arctic has captivated human imagination and motivated exploration for
centuries. The land of the midnight sun -- a region of sensitive and often very complex
climate interactions and feedbacks between the atmosphere, ocean, land and cryosphere -
- is also very tightly coupled to the global climate system (Serreze and Barry 2005). It is
therefore not surprising that the Arctic climate change has been a major focus of research
in the modern era: era of supercomputers, satellites, and other technological
achievements that help better understand and predict the climate. Although the
fundamental physics behind general circulation models is basically sound, the question
still remains of how much will the Arctic climate change, and when will these changes

take place. Also, how will these changes affect the world as a whole.

1.1. How will the Arctic climate changein the future?

Instrumental records show that the Arctic has exhibited conspicuous fluctuations
on interannual, decadal, and multidecadal scales. These fluctuations can be observed on
Fig. 1, which shows the zonally-averaged time series of annual surface temperature
anomalies for latitudes north of 30°N (Johanessen et a. 2004). This representation
combines measurements from land stations, buoys, Russian meteorologica stations on
the sea-ice (1950-1991), and data from the European Centre for Medium Range Weather
Forecasts reanalysis (ERA-40). The figure shows that the Arctic was cooler than average
between 1890 and 1920. The warming episode between 1920 and 1940 is likely

associated with changes in ocean circulation and sea-ice extent (Bengtsson et al. 2004).



However, the most recent warming signal is different in that it occurs at al latitudes, and
it is stronger to the north into the Arctic Ocean. This feature is consistent with expected
consequences of human-induced increased greenhouse gases, and a manifestation of
global warming at high latitudes is usually referred to as the Arctic amplification (e.g.,

Serreze and Francis 2006).

Fig.1.Zonally-averaged time series of annua surface temperature
anomalies (°C) from 1891-1999 north of 30°N (from Johanessen et al.

2004).
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The most common explanation of Arctic amplification is that involving the ice-
albedo feedback. In a climate warmed by increasing downward longwave radiation, a
consequence of increased concentrations of anthropogenic greenhouse gases in the
atmosphere, sea-ice and snow will melt, and that will expose dark surfaces to the solar
radiation. Because darker surfaces (land and ocean) are better absorbers of solar radiation
(unlike white surfaces, which reflect the incoming solar radiation), the increased
absorption of solar radiation will lead to more warming, which will, in return, speed up
the melting of snow and ice, thus amplifying the initial perturbation in temperature

(positive feedback). Curry et a. (1995) and Grenfell and Perovich (2004) discuss



seasonal and spatial evolution of albedo in snow-ice-land-ocean environment. They point
to the increase in snow grain size as the snow melts, or puddles of water forming on
melting sea-ice, all of which decrease surface albedo and increase absorption of solar
radiation. Serreze and Francis (2006) explain that if moreiceislost in summer, the ocean
will absorb more heat. This will delay sea-ice growth in autumn and winter, and/or
produce thinner ice. Some of the heat will escape through leads and polynyas, and the
retained heat combined with thinner ice will result in earlier spring melt. This will result
in even more solar absorption by the ocean and the cycle will continue. Some of the
genera circulation models predict ice-free Arctic to appear by about 2070, with most
pronounced temperature changes expected to occur in autumn and winter (Walsh et al.
2002; Serreze and Barry 2005). The Arctic Climate Impact Assessment (ACIA 2005)
reports that average annual temperatures in polar regions are projected to rise by 3to 7°C
by the end of the 21 century. However, more recent observations by Pielke et al. (2008)
and Rahmstorf et al. (2007) underscore the concerns about the global climate change,
revealing that previous projections, as summarized by the Intergovernmental Panel on
Climate Change (IPCC), may have underestimated the change, in particular for sea-level.
The observed rate of sea-level rise of about 3.3 mm yr'* exceeds an |PCC best-estimate
rise of less than 2 mm yr* (IPCC does not include contributions from ice-sheet melting in
Greenland and Antarctica because they are too uncertain). The rate of rise during the past
20 years was 25% faster than the rate in any 20-year period in the preceding 115 years.
The ACIA report also projects an increase in high latitude precipitation of between 10
and 20 % by the end of the 21% century. The general increase in high-latitude

precipitation will occur in a warmer climate, as the atmosphere will support a higher



water vapor content. Although changes in evaporation are not as coherent, recent studies
(e.g., Cassano et al. 2007; Skific et al. 2009) indicate that net precipitation, and
presumably runoff to the Arctic Ocean, would aso increase.

In recent years, studies of the Arctic amplification and its causes have reveaed
that ice albedo feedback may, in fact, not play a crucia role after al. Analyses by
Graverssen and Wang (2009), and earlier work by Alexeev et al. (2005) showed that
Arctic amplification existed in experiments with fixed ice albedo. It is found that an
increase of water vapor and total cloud cover lead to a greenhouse effect, which is larger
in the Arctic than at lower latitudes, and could explain a part of the Arctic surface-air
temperature amplification.

1.2. What are thegloba implications of regional Arctic climate
change?

Climate models, as well as paleoclimate records, reveal that there are many
mechanisms linking the Arctic climate system with the rest of the globe.

One such mechanism, unveiled through experimenting with general circulation
models (Manabe et al. 1991; Stouffer and Manabe 2003; Min et al. 2008), is the slowing
of the oceanic thermohaline circulation in response to decreased high-latitudeoceanic
salinity, owing to increased runoff, ice melt, and enhanced high-latitude precipitation.
Clark et al. (2001, 2002) propose that this mechanism could explain the Y ounger Dryas
cold event that occurred from about 13 to 11.7 ka.

Lawrence and Slater (2005) demonstrate links between changes inArctic
hydrology and changes in vegetation distribution. In their modeling experiment, warmer

and wetter Arctic soil results in northward expansion of shrubs and boreal forests, which



replace tundra and further lower the surface albedo, thus accelerating snow and ice melt.
Sturm et al. (2001) and Chapin et a. (2005) establish connections between shrub
abundance and trapping of drifting snow. The snow in shrub patches is thicker, thus
better thermal insulator. As a consequence, winter soil surface temperatures are higher,
which promotes decomposition and nutrient release the following summer, which in
return promotes shrub growth. The snow-shrub interactions could lead to a widespread
increase in the winter snow depth, which may increase spring runoff, aswell as CO;
emissions from the Arctic soil, thus contributing to the global increase in greenhouse
gases.

Troubling projections are those of the future sea-level rise, owing to melting of
the Greenland ice cap (Church and White 2006; Rahmstorf et al. 2007). The ACIA
(2005) report reveals that of area of Greenland’s surface that melts in summer has
increased by about 16% between 1979 and 2002, an area roughly the size of Sweden.
Climate models project that future temperature increases could eventually lead to a
complete melting of Greenland Ice Sheet, with aresulting sea-level rise of about seven
meters. While this is an extreme eventuality, even a fraction of this melting would have
profound consequences for coastal communities worldwide. Based on the IPCC
scenarios, sea level is projected to rise 10 to 90 cm by the end of the 21% century,
accelerating through the time period (Meehl et a. 2007; Randall et al. 2007). Rahmstorf
et a. (2007) argue that the sea-level rise may even be larger than that predicted by the
IPCC, between 0.5 and 1.4 m by the end of the 21% century. The Arctic Ocean could
experience the largest increases owing to an expected increase in freshwater input and the

resulting decrease in salinity and density.



1.3. Arethere feedbacks within the climate system that could slow the
pace of Arctic warming?

Asindicated in previous sections, many of the feedbacks within the Arctic emerging
are positive, that is, they will amplify the initial Arctic temperature perturbation. Slowing
of the thermohaline circulation in a response to freshwater input may have a dampening
effect, but the time scales are too slow to have a substantial influence in the near-term
climate (Manabe and Stouffer 1994). A great deal of uncertainty surrounds changesin
high-latitude cloud properties such as cloud height, optical depth, cloud microphysical
properties, and cloud fraction (Schweiger 2004; Garrett and Zhao 2006). Can negative
feedback mechanisms involving lower latitudes offset widespread reductions in
permanent ice and changes in physical and biological components? One of the more
promising candidates is the transport of moist static energy (sensible heat, latent heat and
geopotential energy) by the atmosphere, which in present climate conditions supplies
approximately 98% of the energy annually lost to space in the high latitudes north of
70°N (Nakamura and Oort 1988). The intuitive argument is that if Arctic warming is
enhanced in response to increasing greenhouse gas concentrations the lower-tropospheric
poleward temperature gradient should relax, poleward advection of sensible heat should
decrease, and Arctic warming should weaken. On the other hand, climate modeling
experiments suggest that increases in advected latent heat will more than compensate for
the reduction in sensible heat transport [S. Vavrus, pers. comm.]. Recent analyses by
Graverssen et a. (2008) and earlier work by Alexeev et a. (2005) demonstrate that

meridional energy transport, mainly in the form of latent heat, may enhance Arctic warming.



Some earlier studies by Hoerling et al. (2004) and Hurrell et al. (2004) discuss possible
connections between high-latitude atmospheric circulation and tropical surface temperatures,
although the mechanism itself remains unclear.

Understanding the behavior of advected moist static energy in the greenhouse-
gas-forced world may shed light on the potential for this cog in the climate system to
slow the pace of the shifting Arctic. Therefore, a large body of work presented here
investigates this feedback mechanism, identified as a possible brake on the Arctic’s rapid
march toward an ice-freestate. Theresults contributes to a system understanding by
focusing on the primary energy source for the Arctic climate system, i.e., horizontal
energy and moisture transport, diagnosing its behavior during recent decades, projecting
its future trends, and understanding the atmospheric processes that govern future changes.
In addition, the work also investigates recent and future behavior of net precipitation, a
variable closely related to horizontal moisture transport and that is crucia to determining

the nature of future Arctic change.

2. Background

The atmosphere and ocean work to balance the differential radiative heating between
the equatorial regions and the Arctic through poleward energy transports, with the
atmosphere playing the primary role (Serreze and Barry 2005). Figure 2 showsa
schematic of the energy balance for the north polar cap, as presented by Nakamura and

Oort (1988).



Fig.2. Schematics of the energy balance for the north polar cap (from
Nakamura and Oort, 1988).

Fwall is moist static energy flux:
Fwall = jjcp[ﬁ]dxdp lg+ ” L[vgldxdp / g + jj glvzldxdp / g
1 l |

Sensible heat flux Latent heat flux Potential energy flux

The budget of the north polar cap can be approximated as follows:
AE/A=F o+ FyaitFsur.

This equation shows that the change in the Arctic atmospheric storage of moist static
energy (AE/At) can be expressed as the sum of net radiation at the top of the atmosphere
(Frad), the net poleward energy flux across a hypothetical wall at 70°N extending from the
surface to the top of the atmosphere (Fwai), and the net heat flux at the Earth’'s surface
(Fsurf)- If the sum of all three terms is positive the system is gaining energy, and if itis
negative, the system islosing energy. Although in the long-term annual mean the change
in atmospheric storage is zero and the net surface flux is small, the annual cycle
experiences significant variations.

Figure 3 shows the change in the atmospheric storage of moist static energy (top
panel), and its components: Fy (second panel), Fyar (third panel), and Fsyt (bottom
panel). The figure presents values from Trenberth and Caron (2001), who combine Earth

Radiation Budget Experiment (ERBE) radiation data and atmospheric transports from the



National Center for Environmental Prediction/ National Center for Atmospheric Research
(NCEP/NCAR) and European Centre for Medium Range Weather Forecasting (ECMWF)
ERA-15 reanalyses.

The top panel shows that Arctic gains energy in spring, and loses in autumn. The
annual cycle of moist static energy storage of the Arctic system is explained by Serreze
and Barry (2005). In winter the incoming solar radiation is negligible, therefore thereisa
strong radiation deficit at the top of the atmosphere, owing to longwave cooling of the
surface and the overlaying air column. The net loss is compensated for by large poleward
atmospheric energy fluxes, but also by the surface fluxes, driven by the growth of seaice,

uptake of sensible heat from the ocean and snowfall.
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Although the incoming solar radiation is strongest in the summer, it is offset by a
seasonal maximum in longwave emission, so that net radiation at the top of the
atmosphere is close to zero. Because the poleward temperature gradient rdaxesin
summer, the poleward energy transport is weaker in this season, and is aimost equal to a
negative surface flux, mostly due to the melt of seaice and snow cover, and by againin
sensible heat by the ocean (Serreze and Barry 2005). The third panel from the top shows
the annual cycle of the poleward transport of moist static energy, which includes fluxes
of sensible heat, geopotential energy and latent heat into the Arctic.

Figure 4 shows portions of the total annual moist static energy transport from
each form of energy (after Overland et al. 1996). Sensible heat and geopotential energy
flux together supply about 89% of the annual energy input into high latitudes, while only
11% is accounted for by the latent heat flux. Sensible heat is the energy associatedwith
the temperature of a mass of atmosphere, and potential energy is the energy associated
with the gravitational potential of air some distance above the surface (Hartmann 1994).
Together they are usually referred to as a dry static energy. This energy is conserved

during unsaturated vertical and horizontal motion.

Annual

Fig.4.
Contribution of
components of
moist static
energy transport
to the annua
mean transport
across 70°N,
from Overland et
al. (1996).
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Relative contributions of components of energy transport to total flux
across 70° N for various seasons

Winter Summer

LH

8% LH

20%

Fig.5. Contribution of components of moist static energy transport to
the winter (left) and summer (right) mean transport across 70°N,
after Overland et al. (1996).

Figure 5 represents relative contributions of the components of energy transport
to the total flux across 70°N for winter and summer, based on the data provided by
Overland et a. (1996). The total moist static energy transport peaks in the winter, mostly
due to larger poleward temperature gradients and consequent large transport of sensible
heat. In winter the moisture transport is small and only accounts for about 8% of the total
transport. The situation is reversed in summer: the poleward temperature gradient relaxes,
which weakens the meridional transport of sensible heat to about one third of its winter
value. The latent heat flux peaks in summer, mostly due to the high water vapor content
in the atmosphere.

An annual cycle of latent heat flux from the ERA-40 is shown in Figure®6. In
summer the moisture flux is twice as large as the winter value, which reflects an
exponential increase of saturation vapor pressure for a given temperature change. The
latent heat flux accounts for 20% of the energy transport in summer, and is almost similar

in magnitude to the sensible heat flux, which accounts for about 25% of the total summer
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transport. Geopotential energy flux does not change much from the winter to the summer.
However, because total energy transport decreases in the summer, the contribution of the
geopotential flux to the moist static energy transport is larger than that in winter.

It is precisely this behavior of the three components of moist static energy
transport in various seasons that intuitively helps anticipate their behavior in the
greenhouse-gas-forced future. In other words, just as the change of season from winter to
summer demonstrates an increase in the poleward latent heat flux and decrease in the
sensible heat flux, the same tendency can be expected to occur in a future warmer
climate. These questions remain, however: How much will each individual component
change? How they will offset one another? In which season will the transports be most

affected?

Annual cycle of latent heat flux across 70N for ERA-40, in Wim’
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Fig.6. Annual cycle of the latent heat flux derived from European Centre for Medium Range Weather
Forecasting (ECMWF) ERA-40 reanalysis, for period 1958-2001. Units are Wm2,
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The body of this dissertation consists of three separate manuscripts. Chapter 3
discusses projected changes in atmospheric moisture transport and is a paper in pressin
the Journal of Climate. Chapter 4 is a paper nearly ready for submission to Climate
Dynamics and focuses on the changes in total poleward moist static energy transport.
Chapter 5 is a paper accepted with mgjor revision in the Journal of Climate, and explores

changes of net precipitation in various regions of high latitudes.
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3. Attribution of projected changes in atmospheric moisture

transport in the Arctic: A self-organizing map per spective

Abstract

We analyze meridonal moisture transport into the Arctic derived from one simulation of
the National Center for Atmospheric Research Community Climate System Model
(CCSM3) spanning the periods of 1960-1999, 2010-2030 and 2070-2089. The 21%
century simulation incorporates the Intergovernmental Panel on Climate Change (IPCC)
Special Report on Emission Scenarios (SRES) A2 scenario for CO, and sulfate
emissions. Modeled and observed (from the European Centre for Medium-Range
Weather Forecasting Reanalysis, ERA-40) sea level pressure (SLP) fields are classified
using a neura-network technique called self-organizing maps todistill a set of
characteristic atmospheric circulation patterns over the region north of 60°N. Model
performance is validated for the 20" century by comparing the frequencies of occurrence
of particular circulation regimes in the model to those from the ERA-40. The model
successfully captures dominant SLP patterns, but differs from observations in the
frequency with which certain patterns occur. The model’s 20" century vertical mean
moisture transport profile across 70°N compares well in terms of structure but exceeds
observations by about 12% overall. By relating moisture transport to a particular
circulation regime, future changes in moisture transport across 70°N are assessed and
attributed to changes in frequency with which the atmosphere resides in particular SLP

patterns and/or to other factors, such as changes in the meridional moisture gradient. By
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the late 21% century, the transport is projected to increase by about 21% in this model
realization, with the largest contribution (32%) to the total change occurring in summer.
Only about a quarter of the annual increase is due to changes in pattern occupancy,
suggesting that majority is related to mainly thermodynamic factors. A larger poleward
moisture transport likely constitutes a positive feedback on the system through related

increases in latent heat release and the emission of longwave radiation to the surface.

3.1. Introduction

The 4™ Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC AR4, 2007) underscores previous striking and disturbing findings: The Arctic
system appears to be heading toward a new state, and there are no apparent feedbacks
within the Arctic that can arrest the cohesive change (Ferguson et al. 2004; Overpeck et
al. 2005; Serreze and Francis 2006). Although there is a great deal of uncertainty related
to feedbacks in the Arctic system, particularly involving cloud changes, it appears that
the overwhelming mgjority of them are positive, i.e., they act to enhance changes
(Serreze and Barry 2005). The most often cited of these are the ice/snow-albedo
feedback and water vapor feedback. The basic process in the former is that as high-
latitude temperatures increase, additional seaice and snow will melt, which will expose
dark ocean and land surfaces that are more effective absorbers of solar radiation. This
will increase the warming, leading to further melt of snow and ice, hence further
warming. Because most of the Arctic surface is covered with ice and snow during spring,
the effects will be most pronounced in high latitudes (Hartmann 1994). The water vapor

feedback involves an increase in precipitable water in the atmosphere as warming raises
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the saturation vapor pressure. Increased precipitable water enhances the emissivity of the
atmosphere, which tends to increase the longwave flux to the surface, particularly in dry
atmospheres like the polar regions (Soden and Held 2006). While these feedbacks seem
straight-forward, the processes by which energy is sequestered in the system until the
following year are not well understood. There are only a few known or suspected
negative feedbacks within the Arctic system. The aerosol-dehydration feedback (Blanchet
and Girard 1995) is a possibility, but it is likely too weak to have a discernible effect.
Slowing of the thermohaline circulation in response to increased freshwater export to the
N. Atlantic is likely to have a dampening effect, but the time scales are too slow to have

substantial impact in the near-term (Fichefet et al. 2003).

In this study we investigate a potentially influential but poorly understood
feedback that extends beyond the Arctic and involves the horizontal transport of moist
static energy (sensible heat, latent heat, and geopotential energy) from low to high
latitudes by the atmosphere. In the present climate, the moist static energy transport
supplies approximately 98% of the energy annually lost to space by the Arctic north of
70°N (Nakamura and Oort 1988). Asthe Arctic warms more than lower latitudes, one
expectsthat thelower-tropospheric meridional temperature gradient should relax,
poleward advection of sensible heat should decrease, and Arctic warming should weaken.
Simulations with global climate models support this reasoning, but they also suggest that
increases in moisture transport will more than compensate for the reduction in sensible
heat transport [S. Vavrus, pers. comm.]. Recent analyses by Graverssen et al. (2008) and
earlier work by Alexeev et al. (2005) and Held and Soden (2006) support the notion that

meridional energy transport may enhance Arctic warming. Other studies reveal possible
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linkages between high-latitude atmospheric circulation and tropical surface temperatures
(e.g., Cassou and Terray 2001; Hoerling et a. 2004; Hurrell et al. 2004), but connections
between tropical variations and poleward transport of moisture are unclear. It isalso
suggested that changing energy transport, perhaps in magnitude and/or in spatial
distribution, may be partly responsible for observed reductions in Arctic sea ice extent
(Rigor and Wallace 2004), increases in surface temperature (Comiso 2003), lengthening
of the melt season (Belchansky et a. 2003), loss of permafrost (Osterkamp and

Romanovsky 1999), and increases in river runoff (Peterson et al. 2002).

This study explores how moisture flux changes in a single run of the National
Center for Atmospheric Research (NCAR) Community Climate System Model, version 3
(CCSM3) over the next 100 years forced with continually increasinganthropogenic
greenhouse gases. We apply a neura network technique called self-organizing maps
(SOMs) (Kohonen 2001) for this analysis because it distills voluminous fields of gridded
valuesinto representative, fundamental clusters organized in a matrix of 2D fields—
geographic maps in this case -- that are expressed in a visual and intuitive rendering. The
maps are situated in the matrix relative to one another according to their similarity. In this
application, the fields of data are sea-level pressure (SLP) anomalies north of 60°N from
both reanalyses and from the CCSM3. Each pattern in the SOM matrix isreadily
identifiableas having typical atmospheric features in a region, and inferences can be
made about the weather generally associated with those features. The SOM can also be
used to analyze other related variables, which is the approach taken in this study to assess
patterns of moisture flux and moisture convergence, and ultimately to ascertain the

causes of change in these variablesin the future.
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The data sets used and the data manipulation that precedes the actual application
of the SOM algorithm are described in section 2, while section 3 provides a more in-
depth description of the SOM method. Analysis of self-organizing mapsof SLP and
model validation using ERA-40 is summarized in Section 4. The analysis of the
corresponding clusters of moisture transport across 70°N, fixed for a particular
circulation regime, and its comparison to ERA-40 is given in Section 5. Future changes
of moisture transport in the 21% century and derivation of contributions of dynamic,
thermodynamic and combined fractions of change are provided in Section 6, followed by

conclusions and future effortsin Section 7.

3.2. Datasourcesand model output

Six-hourly, multi-level fields of specific humidity and meridional wind for a single
run of the NCAR CCSM3 (version 3.0, T85 L26) were obtained from the Program for
Climate Model Diagnostics and Intercomparison (PCMDI), at the Lawrence Livermore
National Laboratory. CCSM3 simulations have been shown to reproduce the Arctic
atmospheric hydrological cycle reasonably well (e.g. Holland et a. 2007; Finnis et d,
2008a,b). The atmospheric component of the model consists of 26 vertical levels, atop at
2.2 hPa, 13 layers above 200 hPa, and a horizontal resolution of about 1.4°. The
atmospheric module isthe CAM (Community Atmosphere Model) version 3.0 (Callins et
al. 2006a). The 20™" century experiment (20C3M) incorporates direct effect of sulfates
(Smith et a. 2001, 2004a), with no indirect aerosol effects. The model is forced by
observed concentrations of CO,, CH4, N2O, CFCs, ozone (Kiehl et al. 1999), and solar

fluxes (Lean et al. 2002). The effects of volcanic eruptions are parameterized (Ammann
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et a. 2003). The 21% century simulation incorporates the Special Report on Emission
Scenarios (SRES) A2 scenario (Nakicemovic and Swart 2000), which assumes a
continuously increasing population (15 billion by 2100), increasing greenhouse gases,
and slow implementation of new technol ogies, appears to be most similar to the trajectory
of the real world (Rahmstorf et al. 2007).

Theoriginal six-hourly PCMDI fields were interpolated from the hybrid sigma
pressure vertical coordinates to a pressure coordinate system and reduced in size by
subsetting from global coverage to the region north of 60°N, from 6-hourly time
resolution to daily resolution (12 UTC only), and from 26 vertical levels to 10 levels
(troposphere only). Moisture transport was calculated for five tropospheric layers (1000-
850 hPa, 850-700 hPa, 700-500 hPa, 500-400 hPa, 400-300 hPa). The time slices used in
this study span periods of 1960-1999 from the 20" century experiment (20C3M), as well
as 2010-2030 and 2070-2089 from the SRES A2 scenario. The latter two periods were
chosen to be consistent with results from the Arctic Climate Assessment Report
(Huntington and Fox 2005; Serreze and Francis 2006), to represent theso-called
emerging and mature greenhouse states. The SLP fields are also extracted for the same
time periods and interpolated from the original 1.4° x 1.4° grid to a 200 km x 200 km
Equal Area-Scalable Earth (EASE) grid (Armstrong et al. 1997), covering the area north
of 60°N and consisting of 51 x 51 grid points. The interpolation code was obtained from
http://nsidc.org/datalease/. Interpolation to an equal area grid avoids errors that might
occur owing to equal weighting of the original latitude- longitude grid boxes in the self-

organizing map algorithm, described in the next section.
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Daily SLP fields from the European Centre for Medium-Range Forecasts (ECMWF)
Reanalysis (ERA-40) (Upala et al. 2005) were used to validate the 20™ century CCSM3
simulation. The fields from 1958 to 2001 were aso interpolated to the same EASE grid

prior to applying the SOM algorithm.

3.3. SOM methodology

Self-organizing maps (SOMs) provide a means to visualize the complex distribution
of synoptic states (Hewitson and Crane 2002). This technique includes an unsupervised
learning algorithm to reduce the dimension of large data sets by grouping similar multi-
dimensional fields together and organizing them into a two-dimensional array (Kohonen
2001). In this study, the high-dimensional data subjected to SOM analysis are fields of
daily SLP anomalies from CCSM3 for three time dlices and the ERA-40 on a 51x51
EASE grid over the region north of 60°N.

The SOM consists of a 2D grid of nodes. Each nodei corresponds to ann-
dimensional weight or reference vector, mj, where n is the dimension of the input data,
treated as a vector created from the grid-points in each sample. The initial step of this
routine is the creation of afirst-guess array, which consists of an arbitrary number of
nodes and corresponding reference vectors. In this study we use a grid of 35 nodes,
creating a 7x5 array. Slightly smaller and larger SOM matrices were tested to determine a
suitable number of nodes for this analysis. If the matrix is too small, some characteristic
atmospheric patterns may not be represented; if it is too big, adjacent patterns will be too
similar and visualization is unwieldy. The 7x5 matrix appears to capture and separate the

important differences in pressure patterns. Moreover, the results are not affected by small
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differences in the matrix size. The reference vectors are created at the beginning using
linear initialization, which consists of first determining the two eigenvectors with the
largest eigenvalues, then letting these eigenvectors span the two-dimensional linear
subspace (Kohonen 2001). We use the covariance matrix of the input SLP dataset to
determine the two eigenvectors. In this case the centroid of a rectangular array of initial
reference vectors identified with array points corresponds to the mean of the sea level
pressure values, and the vectors identified with the corners of the array correspond to the
largest eigenvalues. By initiating a SOM in this way, the procedure starts with an already
ordered set of weights, then training begins with the convergence phase. Linear
initialization helps achieve faster convergence, which is an advantage of this procedure
over other methods, but the SOM results are not sensitiveto the selected initialization
method. In the process of training, each data sample (i.e., one daily map of SLP) is
presented to the SOM in the order it occurs in the original data set. The similarity
between the data sample and each of the reference vectors is then calculated, usualy as a
measure of Euclidean distance in space. In this process, the “best match” node is
identified as that with the smallest Euclidean distance between its reference vector and
the data sample. Only the vectors for the best-matching node and those that are
topologically close to it in the two-dimensional array are updated. The updating scheme
is shown below
m(t+ 1) —m(t) + h;(8) - [x(t) — m; ()],

wheret isadiscrete-time coordinate, mi is areference vector, x isadatasample, and hi is
a neighborhood function (Kohonen 2001), usually in the form of the Gaussian function,

[leg=sil |

h, =a(t)-exp (— = ).
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where « is the training rate function (usually an inverse function of time), r is the location
vector in the matrix, the distance ||re-ri|| corresponds to the distance between the best-
matching node (location rc) and each of the other nodes (locationr;) in the two-
dimensional matrix, and o defines the width of the kernel, or a relative distance between
nodes, often referred to as the radius of training. The training procedure is controlled by
the training rate a, the training radius r, and the duration of training, which is fixed at 20
times the number of data samples. Theinitial value of r is 4, and decreases linearly in
time. The training scheme is repeated severa times, with the training rate reduced by an
order of magnitude each time. At the end of each trial the mean quantization error is

caculated, defined as
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where x; is adata sample, M is the number of samples, and m, is its best matching unit
out of 35 reference vectors. A smaller mean quantization error indicates a closer
resemblance between m. and the daily SLP anomaly fields. The training is complete once
the smallest mean quantization error is identified, as the reference vectors from that
training best approximate the data space of interest. The final reference vectors are then
mapped onto a 2D grid, with their locations in the matrix corresponding to their matching
nodes. The maps in the resulting matrix represent the predominant patterns in which the
atmosphere tends to reside, or aternatively the centroid of the particular data cluster.
Although the measure of similarity between the data and the reference vector is

linear, it is this iterative training procedure that allows the SOM to account for the non-

linear data distributions (Hewitson and Crane 2002). The non-linear approximation of the
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data space is therefore a great advantage of the method compared to some other

approaches, such as empirical orthogonal functions (EOFs) (Reusch et a. 2005).

34. SOM of CCSM3 and ERA-40 Arctic sealevel pressurefields

3.4.1 20" Century Analysis

Daily sea-level pressure fields from ERA-40(1958-2001), and CCSM3 for
periods of 1960-1999, 2010-2030, and 2070-2089 for the region north of 60°N are used
to create the master SOM. Daily SLP anomalies are derived by subtracting the gridpoint
SL P from the domain-averaged SLP for each daily field (Cassano et al. 2007). The spatial
distribution of the daily SLP anomalies represent the SLP gradient, and thus the
circulation, but are not influenced by the absolute SLP values. Areas with elevation
higher than 500 m are removed from the fields because pressure reduction to sea level
can lead to unrealistic singularities emerging in the SOM training, which then obscure the
realistic patterns.

Once a SOM of sea level pressure has been created from the combined sets of
both ERA-40 and CCSM3 SLP anomalies — hereafter called the master SOM — all daily
SLP anomaly fields may be mapped to the best-matching pattern in the master SOM to
form clusters of daily maps. This is achieved by finding the trained reference vector
associated with a node that minimizes the Euclidean distance, or the squared difference,
between itself and the data sample. Once all the samples have been assigned to anodein
the SOM, the frequencies of occurrence can be determined, i.e., the fraction of daily

fields that reside in each cluster.
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Ascribing a particular daily SLP sample to a specific circulation pattern in the
SOM can aso be useful for analyzing associated variables for the same days as those in
each cluster. By mapping the new variable onto a particular SLP pattern, the new SOM
representation can be used to describe the conditions associated with a specific
circulation regime. In section 5 we apply this approach to fields of moisture flux across
70°N.

Figurel presents the master SOM for SLP anomalies north of 60°N derived
using combined ERA-40 and CCSM3 SLP dally fields. These are the dominant
circulation patterns in which the atmosphere tends to reside, according to these data sets.
In the bottom right are patterns with a strong Icelandic low and a moderate-to-strong
Aleutian low, with high pressure over the northern Eurasian continent. The upper right
part of the map is dominated by pronounced low pressure in the Atlantic sector extending
into Barents Sea, while the western central Arctic, continental regions, and the Pacific
sector are dominated by high pressure. These patterns represent a moderate or strong
Beaufort high in winter. The bottom left corner of the SOM is characterized by a
pronounced low pressure area in the central Arctic with high pressure over northwestern
Eurasia. Towards the upper left corner, a center of low pressure is located in the Kara and
Laptev Seas, while high pressure is located over northeast N. America. The dominant
feature in patterns near the middle of the SOM is high pressure in the central Arctic.

The frequency of occurrence of winter (DJF) patterns in CCSM3 is presented in
Fig. 2a. Frequencies are expressed as a percent of days out of the total number of daysin

the data set that belong to a particular cluster. The highest winter frequencies occur in
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patterns on the right side of the master SOM. Circulation patterns on the left side are
more characteristic of summer (JJA) conditions (Fig. 2b).

The frequencies of occurrence of 20™ century SLP patterns for the CCSM3 and
ERA-40 are compared inFig. 3. The bordering clusters characterized by more
pronounced SLP gradients occur more frequently in the model than in the ERA-40 fields
(Fig. 3a), while those positioned in the middle of the SOM occur less frequently. The
distribution of frequencies of occurrence for the model fields does not reveal a
preponderance of any particular group of clusters, while the real atmosphere (Fig. 3b)
exhibits a preference for the regimes in the upper-middle and middle patterns in the
SOM. These patterns tend to occur more often in summer, but not exclusively so.

The SLP anomalies averaged for an area north of 75°N for each individual cluster
are presented in Fig. 4. The patterns in the middle, characterized by more pronounced
high pressure over the central Arctic, also have higher SLP anomalies. Comparison of the
mean SLP climatologies (Figs. 5aand 5b) confirms the conclusions resulting from the
differences in the ERA40 and CCSM3 frequencies of occurrence shown in Figure 3.
Compared to the ERA-40, mean model SLP anomalies (relative to the Arctic-mean SLP
for each day) are lower in the central Arctic and in the Atlantic sector, along with higher
pressure in northern Eurasia and northeastern American continent.

The differences in the distribution frequencies and SLP climatol ogies stem from the
fact that the comparison is made between two single realizations of the 20" century
climate. DeWeaver and Bitz (2006) analyzed the simulated Arctic atmospheric
circulation in CCSM3 and found biases similar to those identified here, i.e., SLP in the

Arctic is too low. They aso found that the modeled wintertime Beaufort high is too
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weak. Using a single model run clearly introduces uncertainty in future climate
projections and attributions owing to natural variability, model physics and numerics, and
uncertainty in emission projections. Nevertheless, as demonstrated in Section 5, despite
the differences between the modeled and observed SLP, this model run realistically
simulates20™ century moisture flux across 70°N. In addition, Cassano et al. (2007)
analyzed 15 different IPCC AR4 models, including severa realizations from CCSM, and
found that the CCSM3 was one of the most realistic models in terms of adequately
reproducing the observed Arctic hydrologic cycle. An assessment of the IPCC-4 set of
models by Chapman and Walsh (2007) also identifies the CCSM3 model as one of the
most realistic in simulating Arctic atmospheric behavior. Because the primary focus of
this study is the changes projected from the 20" to the 21% century, the absolute accuracy

of the smulated circulation patterns are not of central importance.

3.4.2. 21* Century Analysis

In this section we compare frequencies of occurrence for the distant—future (2070-
2089) model simulations with those of the 20" century to investigate how circulation
patterns are projected to change in the future (Fig. 6). Black solid (dashed) contours show
areas of significantly (> 95% confidence) higher (lower) difference in frequency of

occurrence. The range in a 95% confidence interval,
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where p1(1-p1)/n; and py(1-p2)/n2 are variances of two independent, random, binomial
processes, p; and p, are the expected frequencies of occurrence for the two time periods

(p=1/35), ny is the number of samples in the first data set, and ny is the number of
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samples in the second data set (for more details see Cassano et a., 2007). Becausethis
statistical test does not account for the effects of serial correlation in the daily SLP fields,
and thus likely overestimates the degrees of freedom, we determine an approximation for
the effective degrees of freedom by dividing the number of samples of the two data sets
by 7. This value is determined from the seria correlation of the SLP time series, which
indicates that the atmosphere tends to reside in a circulation regime for about one week.
This procedure decreases the degrees of freedom, thus establishing a higher threshold for
determination of a significance level.

A pronounced, statistically significant increase is apparent in patterns with low
pressure over the central Arctic (left of the master SOM, Figs. 1 and 4), as well as those
with strong high pressure across the western Arctic region and strong low pressure in the
Atlantic sector and eastern Arctic (upper right of Fig. 1). The clusters in the middle,
mostly dominated by a weak or a moderate high pressure over the central Arctic,
decrease in frequency. Taken together these changes represent a decrease in pressure over
the central Arctic in this greenhouse- gas-forced model projection. Indeed, differences in
the mean SLP anomalies between 2070-2089 and 1960-1999 (Fig. 7) indicate reductions
in SLP in the central Arctic, aong with increases in SLP in the N. Atlantic and Pacific
Oceans in the late 21% century. This tendency suggests that the Arctic Oscillation
(Thompson and Wallace 1998) may reside in a positive phase more frequently in the
future.

Cassano et al. (2007) formulated an equation that separates the factors contributing to
a tempora change in a variable of interest into a portion caused by a change in the

frequency of occurrence of daily maps in a cluster, a portion due to a change in the
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cluster-mean physical variable, and a third due to a combination of the two effects. The

equation isgiven asfollows:
N
AX =) (% +AX)(f, +Af) = x (1)
i=1

where Ax is the total change in a variable between two different time periods, x; is the
cluster-averaged variable in the initial time period, f; is the frequency of occurrence of the
daily maps in cluster i during the initial period, Af; is the change in cluster frequency
between the two periods of interest, Ax; is the change in the cluster-averagedvariable
between the two periods of interest, and N is the total number of clusters (N=35 in this
study). Expanding (1):
Ax = BV (x; Af; + fildx, + Ax Af) 2

Previously we have observed and discussed the first term, x;Afi, which relates changesin
the pressure field to changes in the frequency of occurrence of circulation patterns. The
second term, f;Ax;, relates to temporal changes in the variable of interest averaged over all

days that belongto acluster. In the case of cluster-averaged SLP anomalies, the values
are non-zero because they are calculated for only a portion of the entire analysis domain,
the area north of 75°N. Physically, a change in the cluster-averaged SLP may result from
a genera intensification or weakening of high/low pressure centers without a significant
change in their spatial distribution. These changes are necessarily smaller than the
differences incirculation between adjacent nodes. This assertion is supported by the
nearly constant quantization error in time, indicating that the atmospheric circulation
patterns represented by each cluster do not change significantly in the future, and that the
change in frequency distribution for each cluster captures theimportant changesin

atmospheric circul ation.
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The changes in frequency of occurrence from the 201 to 21% century are presented in
Fig. 6. For this run of the CCSM3, patterns on the far left and right of the SOM that are
dominated by low pressure will increase, while those characterized by relatively high
pressure over the central Arctic will decrease in frequency.Figure7 shows the
manifestation of this change in the difference in mean SLP between the end of the 21%
century and the 20" century. The SLP is projected to decrease over most of the Arctic
Ocean and increase over Arctic lands.

The three plotsin Figure 8 show the changes in the cluster-averaged SLP anomalies (i.e.,
Ax; in Eq. 2) north of 75°N between 2010-2030 and 1960-1999, 2070-2089 and 2010-
2030, and 2070-2089 and 1960-1999. These changes in SLP anomalies occur for the
fixed circulation regimes of the SOM. The differencesin cluster-averaged SLP anomalies
generally reveal decreased pressure over the central Arctic, consistent with results from
other GCMs (Chapman and Walsh, 2007), which contributes significantly to the total

change.

35. Moisturefluxesacross 70°N: 20" century analysis

The flux of moisture across the imaginary wall along the 70°N latitude is calculated
for each daily field. The atmosphere is divided into five tropospheric layers: 300-400
hPa, 400-500 hPa, 500-700 hPa, 700-850 hPa and 850-1000 hPa. The flux in each layer is

determinedas ¥ * ¢, where

_ [P
Q=)



31

Q is the precipitable water in the layer (in kg m™), q is specific humidity, #is
mean-layer meridional wind, g is gravity (9.8 ms?), and dp is the pressure differential in
alayer between pressure levels p; and p2. The moisture flux expressed in this way has the
units of kg (ms)™®. Thetotal flux across the wall at 70°N is obtained by integrating around
the latitude circle at each level and multiplying by the latent heat of evaporation (L=2.5 x
10° Jkg™). The values at each level are then summed vertically to obtain the total
moisture transport into the Arctic, Fy, which has units of W. It is common to express this
value as a flux per unit area of the Arctic region, so the flux isdivided by the area of the
polar cap north of 70°N to obtain units of W m™2.

The 20" century mean, zonally averaged moisture flux profile, L[v_q], across 70°N for
CCSM3 (blue line) and ERA-40 (green line) is presented in Fig. 9. Greenland has been
excluded from the calculations. The model reproduces the observed moisture flux
remarkably well. Largest differences occur in the lower levels, which results in the model
overestimating the 20" century moisture flux across 70°N by about 12%. The larger
modeled fluxes in the lower levels are likely related to the generally lower Arctic SLP in
the model than in ERA-40. Above 850 hPa however, the model profile is nearly
indistinguishable from observed values.

Because each day of ERA-40 and model output can be ascribed to one of the SOM
clusters, we can analyze poleward moisture fluxes corresponding to each atmospheric
pattern in the SOM matrix. The cluster-averaged values of the flux across 70°N are
presented in Fig. 10 (Greenland has been excluded). Red areas in Fig. 10 correspond to
patterns in the master SOM characterized by strong Icelandic lows and by pronounced

low pressure over the central Arctic, both of which tend to advect large quantities of
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moisturepoleward. Figure 11 presents a height-longitude view of moisture flux across
70°N mapped onto the circulation patterns in the master SOM, in units of kg (ms)™. The
strongest moisture transport occurs in the lower and the middle troposphere, where the
specific humidity is typically largest. Strong positive (poleward) moisture fluxes (red
shading) are located east of |ow-pressure centers and west of high-pressure regionsin the
corresponding clusters in the master SOM. Correspondingly, negative equatorward
moisture fluxes (blue areas) are found west of low-pressure systems and east of the high-
pressure features. Features in the lower right portion of the SOM generate highest
moisture transport. These patterns correspond to a positive North Atlantic Oscillation
(NAO) index (Hurrell et al. 2003), with a pronounced Icelandic low in the Atlantic sector
and high pressure over the Eurasian continent. The circulation patterns in the center of
the SOM, related to weak or moderate high pressure over the central Arctic, generally
show the weakest northward moisture transport. High pressure over the central Arctic,
usually centered in the Beaufort Sea, generally indicates divergent flow and a stronger
southward branch of moisture transport across the Canadian Arctic Archipelago. Strong
low pressure over the central Arctic favors convergence and increased northward
moisture transport (patterns in the lower left corner).

Seasonal-mean moisture fluxes across 70°N for the model’s 20" century are
presented in Fig. 12. Fluxes are strongest in summer primarily because of theincreased
depth of the moist layer and generally more poleward wind vectors (Groves and Francis
2002). A deeper moist layer also allows the stronger upper level winds to advect more
moisture during summer. In winter fluxes are the weakest, as precipitable water values

are lower, and the moist layer is shallow under a strong surface-based inversion. The
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strongest fluxes in all seasons occur in the Atlantic sector, as this is the main pathway of
moisture entering the Arctic. Temperature gradients are typically strongest in this area,
and transports are driven by the primary storm track, i.e., the Icelandic low. Baroclinicity
in this sector is associated with strong horizontal temperature gradients sharpened by
coastal orography (Serreze and Barry 2005). Katabatic winds associated with the high
Greenland plateau increase the temperature contrast in the region and help sustain a
strong Atlantic baroclinic zone (Serreze and Barry 2005). In summer the meridional
temperature gradient relaxes, but cyclonic activity is still high in the Arctic. Cyclones
penetrate farther northward, with baroclinicity sustained by differential heating between
the Arctic Ocean and snow-free land, and intensified by the coastal orography. Weak or
moderate southward moisture flux occurs between 120°W and 60°W. This area west of
Greenland and across the Canadian Archipelago represents the main exiting branch of
moisture out of the Arctic. The area of strong southward moisture flux just east of
Greenland is most likely the result of high orography channeling the return flow of the

Atlantic low pressure systems.

3.6. Attribution of changing moisture flux across 70°N in the 21%
century

We now apply the same principle described in section 4.2 to provide insight into
the causes for changes in the moisture flux across 70°N from the 20" century to the late
21% century. Thefirst term in Eq. 2 represents the portion of the total change owing to
shifts in the frequencies with which daily SLP fields reside in the patterns depicted in the
SOM. A change in this distribution represents a change in the surface circulation, and

thus we loosely refer to this contribution as the dynamic factor. The second term in Eq. 2
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captures the fraction of the total change that is due to a change in the cluster-averaged
value of the parameter of interest for each fixed SLP pattern. In the case of moisture flux,
changes of this type are likely caused mainly by thermodynamic effects-- such as
varying moisture gradients and the vertical distribution of water vapor -- thus we refer to
this contribution as the thermodynamic factor. The third term in Eq. 2 represents the
contribution from the interaction of both changing pattern frequency and the cluster-
averaged variable. Thisterm tendsto be small.

The attribution of change is evaluated annually and seasonally between the three
time slices (2010-2030 and 1960-1999, 2070-2089 and 2010-2030, and 2070-2089 and
1960-1999. It should be noted that these results are meant to provide insight into the
causes of future change, not a quantitative accounting. The dynamic factor, x;Af;, is
obtained by multiplying the initial cluster-mean moisture flux values (shown in Fig. 10)
by the change in the pattern frequency between each time dlice, an example of which is
shown in Fig. 6. The results for this contribution are shown in the top panels of Figs. 14-
16. The thermodynamic factor, f;Ax;, is obtained by combining the initial distribution of
frequencies of occurrence shown in Fig. 3a with the changes in cluster-mean moisture
flux, Ax;, presented in Fig. 13 for each time slice. The thermodynamic factor is shown in
the middle panels of Figs. 14-16. Finally, the combined term is Ax; multiplied by Af; and
is plotted in the bottom panels. To obtain the annual-mean contribution to the total
change, the values for each contribution are summed over all clusters. The numerical
results are summarized in Table 1 along with a breakdown by season. It should be noted
that these results are not sensitive to the size of the SOM used in this analysis. Asshown

in Table?2, the annual- mean contributions to the total change by the three terms are
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virtually unchanged for varying sizes of the SOM matrix. The 7x5 array chosen for this
study represents a balance between having enough nodes to capture the representative
patterns in the Arctic atmosphere and the ability to present those patterns graphically.

In al three time comparisons, the thermodynamic factor clearly plays the most
important role in the changing moisture transport in this model simulation, which is in
turn driven by the change in the cluster-mean flux (Fig. 13). This quantity exhibits a
positive tempora change in every node. Because the model is forced by a redlistic
estimate of increasing greenhouse gas composition through the 21% century, the most
logical explanation for this result is the forcing. From the late 20" century to the near
future, we find that over 80% of the increase in total northward moisture flux is due to the
thermodynamic factor. A larger increase in the moisture transport of about 2.5 Wm2
(16%) occurs later in the 21% century, from 2010-2030 to 2070-2089, compared to
approximately 0.9 Wm (5%) from 1960-1999 to 2010-2030. This results from the
substantial warming, and the consequential increased water vapor content, by the end of
the century. The increase in the later 21% century is also dominated by thermodynamic
effects.

The dynamic term plays only a secondary role in driving projected moisture flux
changes. As discussed in section 4, low-pressure anomalies over the central Arctic occur
more frequently in the future in this simulation, while features showing weak or moderate
high pressure occur less often. This also favors an increase in poleward moisture flux, but
only explains about 15.5 % of the total projected change. The combined term contributes
least to the total change, but its influence increases in the far future (2070-2089),

accounting for about 7.7% of the total change.
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The seasonal analysis also reveals the dominant contribution by the
thermodynamic factor in governing increases in moisture flux by the 21% century CCSM3
(Table1). The largest increases in moisture flux occur in summer: 0.3 Wm2 (7%)
between the near future and the 20" century and 0.8 Wm™ (19%) between the near and
the far future, with a total of 1.1 Wm? (26%) from the present to the far future. Summer
increase in moisture transport accounts for about 32% of the total change by the late 21%
century.

In summer the atmospheric moisture content, as well as the saturation vapor
pressure, achieve their highest values. The increased meridional gradient in specific
humidity can be explained by the exponential relationship between saturation vapor
pressure and temperature. At the warmer low- latitude temperatures, a given increase in
temperature will lead to a relatively larger increase in saturation vapor pressure than that
at higher latitudes for the same warming, which likely results in an increased specific
humidity gradient. High-latitude meridional temperature gradients are also sustained by
land-ocean differential heating. While Arctic land areas warm as the snow and ice cover
melts away, the Arctic Ocean’s temperature is confined near the melting point. These
factors contribute to the largest seasonal increase in poleward moisture fluxes. The
thermodynamic factor play a dominant role in the summer, explaining about 79% of the
moisture increase between the near future and the 20" century in this simulation, while
the other effects account for a larger portion of the change between the near and far
future. This can be explained by the increased frequency of occurrence in summer
circulation patterns that favor convergence and thus an increase in the poleward moisture

flux.
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In spring the thermodynamic term dominates in all time intervals. Between the
20™ century and the near future the flux increases about 0.3 Wm2 (8%), and between the
near and far future the increase is 0.4 Wm (11%), resulting in atotal change of 0.7 Wm®
2 (19%) between the 20" century and the far future. In the later period the role of the
dynamic term decreases dramatically, resulting in the thermodynamic factor accounting
for virtualy all of the change in the moisture flux occurring between the near and far
future. The spring increase in moisture transport accounts for about 23% of the total
change by the late 21% century.

The change in the moisture flux in winter is small between the 20" century and
the near future (approximately 0.1 Wm, 4%), but increases between the near and far
future (0.7 Wm2, 20%), resulting in atotal change of 0.8 Wm™ (24%) between the 20"
century and the late 21% century. The winter increase in moisture transport by the late 21%
century accounts for 24% of the total change. While the thermodynamic term plays the
leading role between the near and far future (accounting for 91% of the total change),
between the 20" century and the near future the dynamic term dominates. In the early
period dynamics explains about 46% of the total change in moisture flux, with the
combined term playing a secondary role, accounting for 36%. The thermodynamic term
accounts for only about 18% of the total change. This may be explained by a modest
increase in frequency of occurrence of the winter patterns in the right of the SOM.
Thermodynamic influences, mainly driven by the increased moisture content of the
atmosphere, may be hampered by weakened temperature and humidity gradients that are
expected in the near future (Serreze and Francis 2006). Delayed ice growth and the

resulting thinner ice cover reduce the insulating effect of the sea ice. As the important
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source of atmospheric heating of the polar atmosphere in cold seasonsis the ocean, its
effect may, in the emerging warming state, weaken the poleward moisture transport.
Between the near and far future projections, the contributions by the dynamic and
combined terms decrease, and the thermodynamic factor dominates. Weakening of winter
dynamics in the late future can be explained by a decrease in the frequency of occurrence
of the winter patterns in the lower right corner, corresponding to positive NAO-like
patterns that generally bring more moisture into Arctic (Fig. 6).

The changes in autumn appear to be similar to those for winter, albeit smaller.
Moisture flux increases by approximately 0.1 Wm™ (2%) between the 20" century and
the near future and 0.6 Wm™ (14%) between the near and far future, resulting in a total
change of 0.7 Wm (16%) between the 20™" century and the late 21% century. The autumn
change represents about 21% of the annual- mean change. In the early period the largest
contribution is from the dynamic term, which accounts for about 59% of the total change,
followed by the combined term at 45%. Interestingly the thermodynamic term is
negative, acting to weaken the poleward fluxes, which may be explained by the strong
influence of decreased temperature and moisture gradients across 70°N as sea ice
declines. This explanation is consistent with Serreze and Francis (2006), who found
maximum autumn warming over the Arctic Ocean in four of fiveclimatemodels
analyzed, which reduced the meridiona gradients. Later in the 2% century,
thermodynamic effects dominate, accounting for 54% of the total change, followed by
dynamics (28%), and finally the combined influence (18%). The general increase inthe
depth of the moist layer in the late 21% century during autumn allows stronger upper-level

winds to play agreater role in moisture transport.
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3.7. Discussion and conclusions

Changes in poleward moisture fluxes across 70°N in the 21% century and their
relationships to surface circulation patterns have been analyzed using daily output from
the NCAR CCSM3 and a neural - network technique called self-organizing maps (SOMs).
The study focuses on changes in the moisture flux that are projected for the early (2010-
2030) and late (2070-2089) 21% century, compared to the 1960-1999 period, based on a
single model realization forced by the A2 SRES scenario.

Comparison of the modeled moisture fluxes for the 20" century with those derived
from the ERA-40 indicates that the model realistically simulates the moisture flux across
a wall at 70°N within about 12%. Based on a partitioning of the change into its
components for fixed and varying circulation regimes, we find that approximately 75% of
the change in moisture transport during the 21% century is attributed to factors related
primarily to thermodynamic factors rather than changing circulation patterns. Poleward
moisture flux across 70°N is projected to increase by approximately 0.9 Wm? (5%)
between 1960-1999 and 2010-2030, and by about 2.5 Wm™ (16%) between 2010-2030
and 2070-2089. These values are of similar magnitude to the increase in radiative forcing
by anthropogenic greenhouse gases since the 1800s. Thermodynamic factors driving the
enhanced moisture flux include increases in precipitable water and the meridional
moisture gradient. The depth of the near-surface moist layer will also increase, allowing
the typically stronger winds aloft to play a greater role in the transport. The modeled
increase in northward moisture flux implicates further amplification of Arctic warming,
as additional latent heat will be released through condensation of water vapor and the

increased emissivity of the atmosphere. Increased warming may augment the already
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rapidly declining permanent Arctic ice stores. The increased moisture content of the high-

latitude atmosphere, particularly in summer, may also lead to an increase in cloud cover
and precipitation, thus intensifying the hydrologic cycle. Skific et a. (2009) finds that for
the same model simulation, Arctic net precipitation increases by about 20% and mean
cloud fraction by about 10% by the late 21% century. They aso find that the largest
increase in net precipitation over the Arctic Ocean occurs in summer, with
thermodynamic factors accounting for over 70% of the increase. The summer maximum
in net precipitation is related to a seasonal maximum in moisture flux convergence
(Serreze and Barry 2005), thus an increase in moisture flux in the future will likely lead
to increased precipitation in the Arctic. This eventuality was demonstrated by Cassano et
al. (2007), who find increases in high-latitude precipitation during the 21% century in
ensemble output from 15 GCMs used for the 4" IPCC report. They also calculate that

more than 75% of that change is due to atmospheric thermodynamics. According to Liu
et a. (2007) the increase in winter moisture transport during the past few decades appears
to be linked with more frequent cyclones and increased cloud amount in the Arctic.

Our results indicate that moisture fluxes are projected to increase in this model
simulation. The future behavior of the other two components of the moist static energy
flux -- geopotential and sensible heat advection -- are yet to be explored in terms of their
behavior relative to moisture transport, their drivers and feedbacks within the Arctic
system, and their roles in Arctic amplification. Linkages between the dramatic changes
within the Arctic and the global system remain poorly understood in present conditions,
thus the uncertainty regarding future changes will remain an important focus for global-

change research.
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Period
observed

Dyn. term
(W/m?)

Thermodyn.
term (W/m?)

Comb.
term
(W/m?)

Total
(W/m

)

Dyn.
term
(%)

Thermodyn.
term (%)

Comb.
term (%)

2010-2030
minus
1960-1999

2070-2089
minus
1960-1999

2010-2030
minus
1960-1999
winter

2070-2089
minus
1960-1999
winter
2010-2030
minus
1960-1999
spring
2070-2089
minus
1960-1999
spring
2010-2030
minus
1960-1999
summer
2070-2089
minus
1960-1999
summer
2010-2030
minus
1960-1999
fall

2070-2089
minus
1960-1999
fall

0.15

0.53

0.05

0.04

0.07

0.08

0.07

0.27

0.06

0.21

0.72

2.63

0.02

0.72

0.26

0.72

0.24

0.78

-0.004

0.40

0.07

0.26

0.04

0.07

-0.03

-0.03

-0.01

0.09

0.05

0.13

0.90

3.43

0.11

0.83

0.34

0.78

0.3

1.14

0.11

0.74

17.4

15.5

455

4.8

22.3

111

23.7

23.6

58.8

27.8

81.8

76.8

18.2

86.8

78.6

92.4

79.6

68.4

-3.60

545

0.8

7.7

36.4

8.4

-0.9

-3.5

-3.3

8.0

44.8

17.7

Table 1: Contributions of dynamic, thermodynamic and combined dynamic and thermodynamic
change to atotal change in moisture flux across 70°N (W/m?), for various time frames of the
21% century. Changes are observed annually and seasonally. Changes between the 20" and the
late 21% century are given in bold.




Table 2.

Size of map Dynamic Thermodynamic Combined
20 (4x5) 0.34 2.68 0.40
30 (5x6) 0.36 2.66 0.40
35 (5x7) 0.43 2.63 0.36
40 (5x8) 0.38 2.67 0.37
48 (6x8) 0.45 2.65 0.32
56 (7x8) 0.46 2.65 0.31
80 (8x10) 0.42 2.65 0.35

120 (10x12) 0.39 2.68 0.35

240 (10x24) 041 2.63 0.38

Table 2: Dynamic, thermodynamic and combined dynamic/thermodynamic annua change
in moisture flux across 70°N (W/m?), between the late 213 century and the 20" century,
for various map sizes.




Figurel: Master SOM of sea level pressure anomaly patterns (hPa)
derived from daily SLP anomaly fields CCSM3 (1960-1999, 2010-
2030, and 2070-2089), and from ERA-40 (1958-2001).
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Figure2: Frequencies of occurrences of (a) winter (DJF) days, and (b) summer (JJA) daysin
CCSM3. Frequencies are presented as percent of total days of the 1960-1999 period mapping
to aparticular cluster of the master SOM.

Nodes

Figure 3: Frequency of occurrence of (a) sea-level pressure CCSM3 anomaly patterns in
the period from 1960-1999, and (b) ERA-40 anomaly patterns from 1958-2001.
Frequencies show percent of days out of atotal that map to a particular SLP cluster.
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Figure 4: Mean sealevel pressure anomaly patterns
(hPa) averaged for an area north of 75°N for each

CCSM2, 1960-1999
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ERA-40, 1958-2000

5b

Figure 5: Mean climatology of daily sea level pressure anomalies (hPa); () CCSM3, from

1960-1999, and (b) ERA-40, 1958-2001.




Nodes

Figure 6: Difference in frequency of occurrence of the sealevel pressure
anomaly patterns between the far future (2070-2089) and the 20" century.
Significantly larger (smaller) differences are indicated with a solid (dashed) line.
Level of confidence is 95%.

Figure7. Difference in the mean sea-level pressure
anomalies (hPa) between the far future (2070-2089)
and 20™ century (1960-1999) of CCSM3.
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Figure 8: Differences in the cluster-averaged SLP
anomaly patterns for an area north of 75°N (hPa): (a)
2010-2030 minus 1960-1999, (b) 2070-2089 minus
2010-2030 and (c) 2070-2089 minus 1960-1999.
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Figure 9: Vertical profiles of the 20" century
mean, zonally averaged energy flux across
70°N (Jkg™*ms™) for CCSM3 (blue line) and
ERA-40 (green line).

Figure 10: Cluster-averaged moisture flux
across 70°N (Wm'@), for CCSM3, for the
period of 1960-1999.
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Figure 11: Longitude-height representation of five moisture flux layers across

70°N (kgm'*s?) for CCSM3 mapped onto corresponding circulation patterns

derived from sea-level pressure anomalies seen in figure 1.a. Red (blue) shaded

areas represent northward (southward) fluxes.
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Figurel12: Longitude-height representation of mean moisture
flux across 70°N (kgms') for five layers averaged for four
seasons, using 20" century daily fields from CCSM3.
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4. Changesin Arctic moist static energy transport

Abstract
We explore annual and seasonal changes in moist static energy transport (MSE) into the
Arctic over the next 100 years derived from one simulation of the National Center for
Atmospheric Research Community Climate System Model, version 3 (CCSM3). The
MSE is the sum of latent heat flux (LH) and dry static energy flux (DSE), computed from
multi-level fields of specific humidity, meridional wind, geopotential, and temperature
spanning periods in the 20™ century (1960 to 1999) and the 21% century (2070 to 2089).
The 21% century simulation incorporates the Special Report on Emission Scenarios A2
scenario. Although tropospheric DSE is projected to decrease by about 3.5% by the end
of 21% century, it is offset by an increase in LH of about 20% from its 20" century
average. The combined changes result in a total annual increase in tropospheric M SE of
about 1.6% by the late 21% century, although the largest increase during summer is offset
by a decrease during winter. Sea-level pressure fields are classified using a neural-
network technique called self-organizing maps to create a set of characteristic
atmospheric circulation patterns over the region north of 60°N. By relating moisture
transport to a particular circulation regime, future changes in MSE across 70°N are
assessed and attributed tofactors related tovarying atmospheric dynamics and/or
thermodynamics. A positive contribution to the MSE related to more frequent low
pressure systems in high latitude (dynamic factor) occurs in all seasons, particularly in
thesummer. An increase in the LH contributes to the MSE increase owing to a

strengthening of the poleward moisture gradient (thermodynamic factor). A decrease in
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DSE offsets these two effects because of a projected reduction in thepoleward
temperature gradient. The positive contribution of the thermodynamic factor is largest in
summer, whilein winter it is negative. The increase in M SE projected for the end of the

21% century constitutes a positive feedback on the Arctic climate system.

4.1.Introduction

Large changes have occurred in the Arctic during recent decades. Glaciers, seaice,
and permafrost are declining (e.g., Serreze et al. 2007; Stroeve et a. 2007), patterns of
rain and snowfall are shifting (Finnis et al. 2007), runoff is increasing ( Peterson et al.
2002; Holland et al.2007), and tundra vegetation is becoming shrubbier ( Tape et al.
2006; Chapin et al. 2005), to name only afew. These transitions add to the growing body
of evidence suggesting that the Arctic is heading toward a new state. Moreover, there are
no obvious mechanisms within the Arctic that can reverse this trajectory (Ferguson et al.
2004; Overpeck et a. 2005). The motivation for this study is to explore some of the
linkages between the Arctic and global climate system that may influence the sign and

pace of high-latitude change.

One such mechanism is the poleward transport of atmospheric moist static energy
(MSE), comprising sensible heat, latent heat, and geopotential energy. In the present
climate, this component of the Arctic’s energy budget supplies approximately 98% of the
energy annually radiated to space north of 70°N (Nakamura and Oort, 1988; Overland et
al, 1996). The contribution from surface exchanges is small, but seasonally it aternates

from an input to the ocean during summer to a net loss during winter. As global- mean
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warming continues, the Arctic response will be more pronounced than in lower latitudes
because of the predominantly positive feedbacks involving ice and snow. The amplified
Arctic warming suggests that the lower-tropospheric poleward temperature gradient will
relax, poleward advection of sensible heat will decrease, and Arctic warming will
weaken. Although climate model simulations support this reasoning, they also suggest
that increases in the poleward transport of latent heat will compensate for the reduction in

sensible heat transport (S. Vavrus, pers. comm.).

This study explores how the tropospheric moist static energy flux is projected to
change in the late 21% century as the atmospheric CO, concentration continues to
increase. We utilize a neural network technique called self-organizing maps (SOMs;
Kohonen, 2001) to analyze sea-level pressure fields from one simulation by the National
Center for Atmospheric Research Community Climate System Model, version 3 (NCAR
CCSM3J), for periods of 1960-1999 and 2070-2089. The SOM technique is selected for
this analysis because it reduces large data sets into representative, fundamental patterns
organized in amatrix of 2D fields— geographic maps in this case -- that are expressed in
avisual and intuitive rendering. The maps are situated in the matrix relative to one
another according to their similarity. For each circulation regime we derive the
tropospheric latent heat flux and the flux of dry static energy across 70°N. An approach
by Cassano et a. (2007) is used to evaluate the portion of change in each of these fluxes
that can be attributed to changes in a parameter representing dynamics, another related
primarily to thermodynamics, and athird for the interaction of the two.

Section 2 describes the data sets and a brief overview of the SOM technique.

Section 3 explains the master SOM and the characteristics of the 20" century dominant
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SLP clusters. Sections 4 - 6 present an analysis of future changes in fluxes of dry static
energy, latent heat, and moist static energy, and an approximate attribution of those

changes. Conclusions and future directions are discussed in Section 7.

4.2. Data and methodology

4.2.1 Data sets

Multi-level, six-hourly fields of specific humidity, temperature, geopotential, and
meridional wind were obtained for a single run of the NCAR CCSM 3 with horizontal
resolution of about 1.4°. Major features of the model’s hydrological cycle compare well
to observations (Hack et al. 2006). The 21st century simulation incorporates the Special
Report on Emission Scenario (SRES) A2 scenario (Nakicemovic and Swart 2000), which
appears to be the most representative of actual emissions (Rahmstorf et al. 2007; Pielke et
al. 2008). Realistic forcing is applied before 1990, after which the A2 scenario is
employed. Additional details about the model and the A2 scenario are available in Skific
et a. (2009a) and Collins et al. (2006a).

The original six- hourly datawere interpolated from the hybrid sigma-pressure vertical
coordinates to a pressure coordinate system and reduced in size by subsetting from global
coverage to the region north of 60°N, from 6- hourly time resolution to daily resolution
(12 UTC only), and from 26 vertical levelsto 8 levels (troposphere only). Levelsabove
300 hPa were not included in this analysis because model fields near and above the
tropopause are less reliable (Cordero and Forster, 2006), as are validation data from

reanalyses and rawinsondes. In addition, over two-thirds of the atmospheric mass and
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virtually all of the water vapor in the Arctic atmosphere exists in the troposphere. The
time dlices used in this study span 1960-1999 from the 20th century experiment
(20C3M), as well as 2010-2030 and 2070-2090 from the SRES A2 scenario. The latter
two periods were chosen to be consistent with results from the Arctic Climate
Assessment Report (ACIA 2004, www.acia.uaf.edu; Serreze and Francis, 2006), to
represent the so-called emerging and mature greenhouse states. Sea-level pressure (SLP)
fields are extracted for the same time periods. The 2010-2030 period is used only to
increase the number of daily samples to train the SOM agorithm. The SLP fields are
interpolated from the original 1.4° x 1.4° grid to a 200 km x 200 km Equal Area-Scalable
Earth (EASE) grid (Armstrong et a, 1997; http://nsidc.org/data/ease/), covering the area
north of 60°N with 51 x 51 grid points. The EASE grid helps avoid errors that arise due to
equal weighting of the original latitude-longitude grid boxes in the self-organizing map
algorithm.

Daily sea-level pressure fields from the European Centre for Medium Range
Forecasts (ECMWF) Reanalysis (ERA-40; Upala et al. 2005) were aso interpolated to
the EASE grid. They were used to construct the SOM and to validate the model results
for the 20™ century. The results of this validation are presented in Skific et al. (2009a)

and will be only briefly described here.

4.2.2. Self-organizing maps (SOMs)
A self-organizing map (SOM) agorithm isaneural-network technique that

attempts to reduce the dimensions of a large data set by organizing it into a two-
dimensional array or matrix (Kohonen 2001). For this study, the data set used for the

SOM analysis consists of a time series of 2D fields of SLP over the Arctic from both
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ERA-40 and CCSM3. The SOM algorithm organizes the daily fields into clusters of
similar maps by identifying SLP patterns that represent the range present in the original
data set. The 2D maps in the SOM matrix provide a more intuitive rendering of pattern
characteristics and their relative frequency of occurrence than is achieved by other

statistical tools, such as empirical orthogonal functions.

A complete description of the SOM method is presented in our companion paper,
Skific et al. (2009a), and we present only a brief discussion of the mechanics here. The
initial step isthe creation of afirst-guess set of maps consisting of an arbitrary number of
SLP patterns, which are called reference vectors. Each of these reference vectors has a
position or node assigned on a two-dimensional array. The size of the matrix is chosen to
balance having enough nodes to capture the important features in the data while being
small enough to visualy interpret the patterns and display them conveniently. In this
study we use a 7x5 matrix; the results are insensitive to small changes in this size (Skific
et al. 2009a). The first-guess reference vectors are the two eigenvectors, derived from the
covariance matrix of the SLP fields with thelargest eigenvalues. The vectors are then
“trained” by presenting each daily field to the SOM, and the similarity between the data
sample and each of the reference vectors is then calculated, usually as a measure of
Euclidean distance in space. The “best match” reference vector is identified and further
refined in an iterative process through which the centroids of the clusters of daily maps
matched to each node are modified to minimize the distances between the samples and
the reference vectors. T he resulting clusters of maps that belong to each node become

organized on a 2-dimensional array in such a way that more similar patterns are placed
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closer together, while those less similar are farther apart, allowing a more intuitive

interpretation of patterns and their relationship to each other in the matrix.

The SOM method is applied to finding dominant patterns in thedaily sea-level
pressure anomaly fieldsfrom ERA-40 (1958-2001) and from CCSM3 for periods 1960-
1999, 2010-2030, and 2070-2089 for the region north of 60°N. Fields from the period of
2010-2030 are included in the SOM training to increase the number of stepsin the final
convergence phase, which must be sufficiently long to achieve good statistical accuracy
(Kohonen2001). Daily SLP anomalies are created by subtracting the domain-averaged
SLP for each daily map from the SLP at each grid point on that day. As argued by
Cassano et al. (2007), these anomalies are a better representation of the SLP patterns, as
eliminating the daily mean focusesthe classificationprocedure on pressure gradients,
which are a better representation of circulation features. Areas of elevation higher than
500 m are removed from the fields because pressure reduction to sea level in the areas of
high elevation can lead to unrealistic patterns.

Once the SOM has been trained and the final set of reference vectors has been
identified, daily fields of SLP anomalies can be mapped to the best- matching pattern to
form clusters of daily maps that are most similar to each pattern. This is achieved by
finding the pattern in the SOM that minimizes the Euclidean distance between itself and
the daily field. Once all the SLP anomaly fields have been assigned to a node, the
frequencies of occurrence can be determined, i.e., the fraction of daily fields that reside in
each cluster.

Ascribing a particular daily SLP sample to a specific circulation pattern in the

SOM is also useful for analyzing associated variables for the same days as those in each
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cluster. By mapping the new variable onto a particular SLP-derived cluster, the matrix of
maps for any other variable can be used to describe the conditions associated with a
specific circulation regime. In this study, we apply this technique to investigating the
characteristics and changes in the horizontal energy fluxes across 70°N. Details of this

procedure are available in Skific et al. (2009a,b).

4.3 Derivation of daily fields of latent heat and dry static ener gy fluxes

To calculate the total latent heat flux across 70°N in units of W m2, we follow the

equation given in Overland et al. (1996):
—. dxd
Fy =ij[vq]—g'°,

where the operator [A] indicates a zonal mean, A isatime mean, g isgravity (g=9.8 ms

1y and L isthe latent heat of vaporization (L = 2.5x10°J kg™). After calculating the zonal
mean of the time-averaged meridional moisture flux for each tropospheric level, we
integrate the level-mean values over the latitude band. The expressions are then
integrated vertically and divided by the area north of 70°N to obtain units of W m™.

An analogous expression is used to calculate the dry static energy flux (DSE)

across 70°N (Fgse), consisting of the sum of sensible heat and geopotential energy fluxes:

—. dxd —. dxd

Feo = [, V1= P+ o[V =,
g g

where ¢, is the specific heat of air under constant pressure (¢, = 1000 kg'K™), Tis

temperature, and z is geopotential. We calculate daily values of DSE for available

tropospheric levels. To obtain units of W m? we integrate values of vT and vz at each

level over the latitude band, then integrate vertically, and finaly divide this quantity by
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the area north of 70°N. The moist static energy flux (MSE) across 70°N is the sum of the

dry static energy flux and latent heat flux.

4.3.1 SOM of Arctic SLP Patterns

The self-organizing map of SLP anomalies north of 60°N is presented in Fig. 1. The
matrix of maps represents the dominant circulation regimes in which the atmosphere
tends to reside according to the data sets used to create it, and is hereafter calledthe
“master SOM.” Familiar featuresin the high-latitude pressure fields are evident, such as
the Icelandic and Aleutian low pressure centers typical of winter (bottom right), Beaufort
highs (upper right), and central-Arctic lows of summer (bottom left). Less distinct
patterns are located near the center of the SOM. The frequency of occurrence (FO) is
defined as the percent of days that map into a particular cluster out of the total number of
daily fields. Values that are significantly different (> 95% confidence) from an expected
value for a random binomial distribution (i.e., 100% + 35 = 2.86%) are assessed. The
confidence test includes an adjustment for the serial correlation and consequent reduction
in degrees of freedom by dividing the number of samples by 7, as the atmosphere tends to
maintain a circulation regime for approximately one week. This results in a higher
threshold for determination of a significance level. For more details see Skific et a,
2009a and Cassano et al, (2007).

The frequencies of occurrence of 20" century CCSM 3 SLP patterns (Fig. 2) show that
the bordering clusters, which tend to feature pronounced gradients, occur more frequently

than those positioned in the middle of the SOM. While the distribution of FOs for the
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model fields does not reveal a dominance of any particular group of clusters, the real
atmosphere does exhibit a preference for the regimes appearing in the middle of the
SOM, which are characterized by moderate high pressure over the central Arctic. Figure
3 presents the seasonal differences in FO between the 20™-century time slice from the
CCSM3 realization and from ERA-40. The clusters in the upper- middle portion of the
master SOM, characterized by moderate high pressure over the central Arctic, appear
more frequently in ERA-40 during fall through spring, while the CCSM3 patterns in the
bordering clusters have a higher FO. In summer, the modeled fields have a higher FO of
patterns with stronger low pressure in the central Arctic (left side of the SOM). These
differences are consistent with the assessment of Arctic atmospheric circulation in
CCSM3 by DeWeaver and Bitz (2006). Although the differences in the distribution
frequencies and SLP climatologies appear substantial, one should note that this
comparison is between two single realizations of the 20" century climate, and some
difference would be expected in any two representations. Moreover, studies by Cassano
et a. (2007) and Chapman and Walsh (2007) found that the CCSM3 model is one of the
most realistic of the group participating in the Intergovernmental Panel on Climate
Change Fourth Assessment Report in simulating Arctic atmospheric circulation. Skific et
al, (2009a) also found that this model simulation realistically simulates 20" century
moisture flux across 70°N. One should also note that the SLP patterns themselves differ

very little from one time slice to another, as explained in Skific et a. (2009a).
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4.4 Attribution of annual and seasonal changesin moist static ener gy

flux (MSE)

In this section we explore mechanisms leading to annual and seasonal changes in the
CCSM3 moist static energy flux (MSE) across 70°N from the 20" century to the late 21%
century. The MSE is separated into contributions from the dry static energy flux and the

latent heat flux.

Dry static energy flux

The total change in the annual-mean dry static energy flux (DSE), as well as that for
each season, is presented in the top panel of Fig. 4. As expected, the total flux decreases
by the end of the 21% century in this model simulation by about 2 Wm? (3.5%). Reduced
fluxes during spring, fall, and winter are offset by a small (by percent) gain during
summer. The change in sensible heat transport accounts for about 70% of this reduction,
as Arctic amplification aters the thermal driving of the equator-to pole temperature
difference, and generates reduction in the eddy sensible heat transport.

To better understand the causes of these changes, we apply an attribution method
introduced by Cassano et al, (2007) in their investigation of changing net precipitation in
the Arctic. The method separates contributions owing to a change in the distribution of
atmospheric circulation patterns, as described by the maps in the SOM, from changesin a
variable for any one of the fixed circulation patterns in the SOM. Effects of interactions
between these two factors are also accounted for. The future, domain-averaged value of a
guantity istheinitial value plus the temporal change, x + Ax, which consists of the sum of

changes in the cluster-average values, x; + Ax; for each cluster from i=1to N (N=35in
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this study), weighted by the change in the frequency with which the atmosphere resides

in each cluster pattern, f; + Af;. With some rearrangement, the expressioniis:

AX:ZN:(xi+Axi)(fi+Afi)—xi f. (1)

i=1
or after expansion:

N
AX =) (X Af; + f,AX + AX Af,) 2

i-1

The first term on the right of Eq. 2 represents the effects of changing frequencies
of occurrence for each pattern in the SOM, hence we refer to this term as the dynamic
factor. The second term captures changes in a variable within a SOM cluster. Because
changes in energy fluxes within a particular pattern are likely to be caused by primarily
(but not exclusively) thermodynamic effects, such as changing poleward gradients, we
refer to this term as the thermodynamic factor. The third term captures a combination of
the two, and tends to be relatively small.

The difference in FO Af; between the CCSM3 late 21% century (2070-2089) and
the 20" century (1960-1999) is shown in Fig. 5. The FO of the patterns on the left and
upper right side of the master SOM increase in the future. Patterns in the middle,
characterized by weak or moderate high pressure over the Arctic, decrease in FO in this
model simulation. These changes suggest that by the end of the 21% century, the Arctic
will experience generally lower pressure and likely increased storminess. The cluster-
averaged DSE, x;, for the 20" century is shown in Fig. 6. The largest transports of DSE

occur for patterns with pronounced low pressure in the N. Atlantic that are found along



70

the right of the master SOM and for those with low pressure over the central Arctic on
the left. Patterns in the middlie with high pressure over the central Arctic generally do not
bring much DSE into high latitudes.

The temporal change in the cluster-averaged DSE Ax; is shown in Fig. 7. Because
the sign of the second term in Eqg. 2, or the thermodynamic factor, is determined by the
sign of Ax; its contribution to the total change in the DSE will clearly be negative except

for a few clusters along the edges of the map. The third term in Eq. 2 represents the

contribution from the interaction of both changing pattern frequency and the cluster-averaged

variable. Thiscontribution tendsto berelatively small.

To investigate seasonal changes and their attributions, we calculate and present
the components of the three terms in Eq. 2 for each season. The FOs (f;) for the 20"
century, along with statistically significant differences from a uniform distribution, are
shown in Fig. 8, and the corresponding cluster-averaged DSE (x;) for the 20" century are
displayed in Fig. 9. Summer patterns tend to occupy clusters toward the left of the master
SOM more frequently, which are characterized by either a relatively diffuse pressure
pattern or weak-to-moderate low pressure over the central Arctic. In winter there is a
clear dominance of the clusters to the right of the SOM, corresponding to a strong
Icelandic low in the Atlantic sector, a well-developed Aleutian low in the Pacific, or a
high pressure over the western Arctic. Spring and autumn FOs are relatively evenly
distributed throughout the SOM matrix. A common characteristic in the seasonal cluster-
averaged DSE (Fig. 9) is weak energy transport for the clusters in the middle and strong
energy transport for those along the left of the SOM. Low pressure over the central Arctic
generally favors increased transport of DSE poleward across 70°N. The clustersto the

right of the SOM, associated with low pressure in the Atlantic sector, generate strong
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energy transport in the winter season. The energy flux is generally the weakest in fall and
summer, when the poleward temperature gradient and horizontal sensible heat flux are
also weakest.

The changes from the 20™" to late 21% century by season are presented in Figures
10 (Af;) and 11 (Ax;). Circulation patterns to the left of the master SOM (low pressure
over the Arctic) are projected to become more frequent in all seasons, particularly during
summer, in this model simulation. The patterns to the right of the SOM (low pressure in
the Atlantic sector and eastern Arctic) will also occur more frequently. Patterns in the
middle of the SOM (high pressure over the central Arctic) are projected to become less
frequent in all seasons, particularly in the summer. The cluster-averaged dry static energy
flux (Fig. 11) is projected to decrease for most nodes in the SOM and in all seasons,
although the organization by pattern type is not distinct.

Using the attribution method described previously, we derive each of the termsin
Eq. 2 to obtain the contributions to the total change in DSE by the dynamic,
thermodynamic, and combined factors. The first column in Figure 12 presents the annual
and seasonal results. Dry static energy flux across 70°N decreases by about 2 W m™@
(3.5%), which is driven by the reduction in the thermodynamic term of approximately 2.4
W m™. The dynamic factor increases slightly owing to an increased frequency of
circulation patterns that are characterized by low pressure in the central Arctic and north
Atlantic sector by the end of the 21 century. These pressure patterns favor strong
northward transport of sensible heat and geopotential energy. The largest changes in the
dynamic term occur in fall and summer, but they are relatively small in al seasons. The

reduction in the thermodynamic term arises from the general decrease in cluster-average



72

fluxes (Fig. 11). Amplification of Arctic warming during fall through spring reduces the
poleward temperature gradient, resulting in reduced sensible heat advection and
consequently, DSE. The reduction is driven mainly by the reduction in eddy sensible heat
transports, acting to suppress initial perturbation in meridional temperature gradient
(Held and Soden 2006; Hartmann 1994). Amplification is weaker in summer (Teng et al,
2006), so the reduction in the poleward temperature gradient is small, asis the change in
dry static energy flux. The contribution by the combined factor to the total change, both

annually and seasonally, issmall.

Latent heat flux

Changesin latent heat flux (LH) across 70°N were discussed in detail in Skific et al,
(2009a). The results are summarized here but from a different perspective, consistent
with that for the dry static energy flux.

Daily fields of latent heat flux are associated with particular circulation patternsin the
SOM as described for the DSE. The cluster-averaged values of the LH across 70°N are
presentedin Fig. 13. There are many similarities between this and the cluster-averaged
DSE shown in Fig 6. Red areas correspond to clusters in the master SOM characterized
by strong low pressure in the north Atlantic and central Arctic, both of which tend to
advect large quantities of moisture poleward. The seasona contributions to the 20"
century cluster-average LH appear in Fig. 14. The largest poleward transports of moisture
occur in the summer, primarily because of the deeper moist layer and more poleward
wind vectors (Groves and Francis 2002), which together lead to stronger advection in

upper levels. Once again, the patterns in the right half and far left of the SOM contribute
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most. Even though the temperature gradient is weak during summer, the gradient in
moisture is strong and cyclones penetrate farther northward, driven by baroclinicity that
is sustained by land/ocean differential heating and augmented by the coastal orography
(Serreze and Barry 2005). The LH is weakest during winter, as the moist layer is shallow
and often capped by a strong surface-based inversion. Clusters in the lower right of the
master SOM, corresponding to low centers in the north Atlantic and Pacific, are effective
in transporting moisture during all seasons. These systems become well developed and
particularly vigorous in the winter when baroclinicity is enhanced by strong north-to-
south, land-sea, and ocean-atmospheretemperature gradients. Because the specific
humidity is low in winter, however, the moisture transport is less than in other seasons.
As in the case for the DSE, patterns in the middle of the SOM (associated with high
pressure over central Arctic) are associated with low moisture transport in all seasons.

The projected annual and seasonal changes in CCSM3 latent heat flux across 70°N
from the 20" to the late 21% century are presented in the middle panel of Fig. 4. By the
end of the century, the annual LH increases by approximately 3 W m™, owing to
increased atmospheric water vapor content and enhanced meridional moisture gradients.
The largest increase in moisture transport occurs in summer (about 1 W m2), which
accounts for about 31% of the total change. Winter, spring, and fall contribute
approximately 25%, 22%, and 22%, respectively.

To better understand the causes of these changes we again apply the method for
separating contributions from the dynamic, thermodynamic, and combined termsin Eq. 2
to the total change by the end of the century. The total change in cluster-averaged latent

heat flux Ax; is presented in Fig. 15. It is obvious that by the late 21% century, latent heat
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flux increases in the majority of circulation patterns on the master SOM, as is also the
case for the seasonal contributions displayed inFig 16. As stated previoudly, these
changes will determine the sign of the thermodynamic term in Eq. 2 because the annual
and seasonal FOs for the 20" century f; are always positive. The three terms in Eq. 2 are
calculated for the LH using the same methodology as for the DSE.

The second column of Fig. 12 shows total annual and seasonal changes in the latent
heat flux, along with contributions from the dynamic, thermodynamic, and combined
terms. The thermodynamic factor clearly plays a dominant role and is responsible for
approximately 80% of the total change in latent heat flux across 70°N, annually and in
each season. Thermodynamic effects are caused by an increased atmospheric moisture
content and poleward moisture gradient, both of which lead to a larger transport of
poleward moisture. The dynamic term accounts for about 16% of the total annual change,
while 3% is due to the combined term. The positive dynamic term is related to the
statistically significant increase in FO of clusters to the left of the SOM, corresponding to
low pressure over the central Arctic that generally transports substantial moisture into the
Arctic. In addition, the FO decreases for patterns in the middle of the SOM, whichare
associated with high pressure over the central Arctic and generally bring little moisture
poleward.

The largest increase in poleward latent heat flux occurs in summer owing to the
exponential relationship between saturation vapor pressure and temperature. In the
warmer low latitudes, a given increase in temperature will lead to a relatively larger
increase in saturation vapor pressure, and presumably vapor pressure, than that at higher

latitudes for the same warming, which results in an increased poleward specific humidity
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gradient. In summer, high-latitude poleward temperature gradients, and thus moisture
gradients, are also sustained by regional land-ocean differential heating. The contribution
by the dynamic term is largest in summer because statistically significant changesin FO
tend to occur mainly for summer patterns (Fig. 10), which tend to favor a convergent
circulation and larger poleward moisture fluxes.

During fall the dynamic term plays arelatively large role in the total LH change
(~30%) owing to the statistically significant increase in the FO of patterns with low
pressure over the central Arctic and North Atlantic (Fig. 10), both of which favor
increased poleward moisture transport (Fig. 14). The thermodynamic term still
dominates, however, accounting for over half of the total increase in fall moisture
transport. The combined factor accounts for a small but non-negligible portion of the
change (14%). Physically this may arise through an increased surface flux of moisture
owing to stronger, more poleward winds or perhaps a change in circulation owing to
latent heat release through condensation.

In spring and winter the total change in moisture flux from the 20" to late 21
century is governed mainly by the thermodynamic term. In winter, changes in the
dynamic factor play the smallest role of any season— about 3% of the total winter
increase. Although a statistically significant increase in FO of clusters in the upper right
and left corners of the master SOM occurs in winter, these patterns do not have the
potential to bring substantial amounts of moisture into the Arctic in the winter season
(Fig. 14). These results clearly suggest that thermodynamic processes are responsible for
the projected changes in the poleward latent heat flux in all seasons, with dynamics

playing a secondary role.
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Moist static energy flux

Changes in the poleward fluxes of latent heat and dry static energy, along with the
mechanisms responsible for the changes, can be combined to evaluate total annual and
seasonal change in the poleward moist static energy transport projected for the end of the
21% century. The percentage change in MSE is presented in the bottom panel of Fig. 4. In
this model realization the total change in MSE across 70°N is small (about 1 W m™ or
2%) and positive, driven primarily by an increase in summer that results from positive
changes in both the dry static energy and latent heat fluxes. The winter change in MSE
offsets the summer gain partially, and the changes during transition seasons are small
owing to changes of similar magnitudes but different signs in the component fluxes. This
result suggests that as greenhouse gases increase, the MSE flux from low latitudes into
the Arctic will augment the aready amplified warming in the Arctic, thereby constituting

apositive feedback.

Asfor the dry static energy and latent heat fluxes, we assess the contributions to MSE
changes by the three termsin Eqg. 2. A summary of the results appear in the right column
of Fig. 12. Inthe annual mean, the total M SE increase results from positive contributions
from all three terms, with the dynamic factor contributing most. This conclusion in
somewhat misleading in assessing attribution, however, because changes in the
thermodynamic factor dominate in each individual season. Spring and summer changes
(about 3% and 9%) are driven primarily by the thermodynamic term through an increased
latent heat flux, augmented by an increase also in the dynamic term during summer.
During fall and winter the smaller increases in the thermodynamic factor via LH are

opposed by decreasing DSE owing mostly to suppression of large deviations of the
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meridional temperature gradient by eddy heat fluxes. Consequently, the MSE during
these seasons (approximately 1% and 2%, respectively) is reduced overall. .

The projected reduction in dry static energy flux compensates for about 66% of the
increase in latent heat transport into the Arctic. Partial compensation for an increase in
latent heat flux by the sensible heat flux is aso demonstrated by Held and Soden (2006),
who analyze an ensemble of fully coupled general circulation models (GCMs) forced by
the SRES A1B scenario, which represents a less pessimistic estimate of future
greenhouse gas emissions than the A2 scenario that forced the simulation used in our
study. An earlier study by Manabe and Wetherland (1975) that explored the equilibrium
responses of GCMs to warming also reveals partial compensation of a projected

moisture transport increase by decreasesin dry static energy.

4.5. Conclusions

The analysis presented here applies a neural-network technique caled self-
organizing maps (SOMs) to one simulation by NCAR’'s CCSM 3 global climate model
forced by increasing greenhouse gases. We explore projected changes in the poleward
moist static energy flux in the troposphere across 70°N from the 20™ to the late 21%
century. Using a concept adopted by Cassano et a. (2007), this research also attempts to
attribute these annual and seasonal changes to predominantly dynamic or thermodynamic

mechanisms.
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The transport of moist static energy is projected to increase in spring and summer,
and decrease in fall and winter. The largest increase occurs in summer, and the total
annual change is approximately 2% by the end of the 21% century. Based on this model
realization, we conclude that changes in the MSE, forced by realistic increases in
greenhouse gas concentrations, will constitute a positive feedback onto the Arctic climate
system.

The moist static energy flux is the sum of the dry static energy and latent heat
fluxes. Although the tropospheric dry static energy flux is projected to decrease by about
3.5% by the end of 21% century, it is opposed by alarger increase in the latent heat flux of
about 21% from its 20" century average. These combined changes yield atotal increase
in the transport of tropospheric moist static energy of about 2% by the late 21% century.

The SOM technique provides a means to separate contributions to these changes
from factors relating to dynamics or thermodynamics. The increase in MSE is partially
due to positive contributions in all seasons from changes in the frequency of occurrence
with which the atmosphere resides in particular representative circulation patterns, as
identified by the SOM classification technique. Patterns that feature predominant low
pressure centers in the Arctic are effective at transporting MSE poleward, and their
increased frequency of occurrence accounts for much of the positive dynamic
contribution. Despite the apparent importance of dynamic effects to the annual MSE
change, the seasonal differences in the thermodynamic factors are more illuminating as to
the mechanisms at work.

Summer exhibits the largest seasonal increase of moist static energy (9% larger

than the 20™" century value). The FO of high-atitude cyclones increases most in the warm
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season, which accounts for about 40% of the enhanced MSE. Two opposing
thermodynamic effects are responsible for the rest. A slight weakening of the poleward
temperature gradient in the future, which reduces the eddy sensible heat transport, makes
a small negative contribution. The dominant influence, however, is an increased flux of
latent heat, resulting from a stronger poleward moisture gradient and higher water vapor
content. Spring is very similar to summer in terms of contributions to the total M SE,
except the dynamic factor is not a significant influence.

In fall and winter the pieces of the puzzle align very differently. In both seasons
the change in MSE is negative, albeit more so in winter. While the contribution from
latent heat fluxesis still positive and results almost exclusively from thermodynamic
effects, it is overwhelmed by a negative contribution from the dry static energy flux.
Polar amplification of warming in the futureis responsible for this reduction in DSE, as
advection of sensible heat is reduced.

During the summer of 2004 a group of experts on various aspects of the Arctic
climate system spent a week comparing recent observations and discussing possible
implications for the future. They concluded that the Arctic system appeared to be headed
for a new seasonally ice-free state (Overpeck et al, 2005). They also suggested that there
appeared to be no feedback mechanisms within the Arctic that were capable of diverting
this trgjectory, but that perhaps interactions with lower latitudes would eventually slow
the pace of Arctic change. Changes in poleward energy transport were identified as one
possible mechanism. It appears that this is not the case: while only one realization from

one global climate model was used in this study, the results suggest that changes in
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atmospheric MSE flux will exacerbate, not alleviate, the trgjectory of change in the

Arctic.
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Figurel: Master SOM of sea level pressure anomalies derived from daily SLP anomaly
fields CCSM3 (1960-1999, 2010-2030, and 2070-2089), and from ERA-40(1958-2001),
units of hPa.
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Figure 2: Frequency of occurrence of modeled daily sealevel pressure anomaly maps during
1960-1999. Frequencies show percent of days out of a total that map to a particular SLP
node. Black solid (dashed) lines indicate significantly higher (lower) frequencies at the 95%
confidence level.
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Figure 3: Differences in the frequencies of occurrence between CCSM3 20" century
experiment and ERA-40 for: a spring (MAM); b summer (JJA); ¢ fal (SON); dwinter
(DJF). Areas where model is significantly larger (smaller) are marked with solid
(dashed) line. Level of confidence is 95%.
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Figure 4: Top panel: total change in dry static energy; Middlepanel: latent heat flux;
Bottom panel: moist static energy flux across 70°N expressed as a % change for the CCSM3
late 21% century (2070-2089) relative to the 20" century (1960-1999) (dark blue bar), and the
change occurring in each season (spring, MAM, yellow; summer, JJA, red; autumn, SON,
green; winter, DJF, blue).
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Figure 5: Difference in frequency of occurrence of the sealevel pressure anomalies
between the late 21% century (2070-2089) and the 20" century (1960-1999). Black solid
(dashed) lines indicate areas where differences are significantly higher (lower) at the 95%
confidence level.

Figure 6: Contours of cluster-averaged tropospheric dry static energy flux across
70°N (Wm™®) for the 20" century (1960-1999) from CCSM3.
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Figure 8: Frequency of occurrence of the sealevel pressure anomalies for the 20"
century (1960-1999), for upper left: spring (MAM); upper right: summer (JJA);
lower left: fall (SON); lower right: winter (DJF). Black solid (dashed) lines
indicate areas where differences in frequencies of occurrence are significantly

higher (lower) at the 95% confidence level.
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Figure 10: Difference in frequency of occurrence of the sealevel pressure anomalies
between the late 21% century (2070-2089) and the 20" century (1960-1999), for upper left:
spring(MAM); upper right: summer (JJA); lower left: fall (SON); lower right: winter
(DJF). Black solid (dashed) lines indicate areas where differences in frequencies of
occurrence are significantly higher (lower) at the 95% confidence level.
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Figure 11: Difference in the cluster-averaged tropospheric dry static energy flux across 70°N
(Wm2) between the late 21% century (2070-2089) and the 20" century (1960-1999), for upper
left: spring (MAM); upper right: summer (JJA); lower left: fall (SON); lower right: winter
(DJF). Values are shown as the portions of atotal change.
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Figure 12: Annua and seasonal changes in tropospheric dry static energy flux, DSE (first
column), latent heat flux, LH (second column) and moist static energy flux, MSE (last
column) across 70°N in the CCSM3 from the 20" century (1960-1999) to the late 21% century
(2070-2089) (blue bar). Contributions to the total change are also displayed: dynamic (gray
bar), thermodynamic (red bar), and combined term (yellow bar). Units are Wm™.
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Figure 13: Contours of cluster-averaged tropospheric latent heat flux across 70°N

Spring (WMAN) Summer [JJA)
5 5
4 4
3 3 e
2 2
! 1 2 3 4 5 B 7 1 1 2 3 4
c Fall (50N) Winter (DJF)
i
3

‘

[=>]

Figure 14: Contours of cluster-averaged tropospheric latent heat flux across 70°N (Wm™)
for the 20" century (1960-1999) from CCSM3, for upper left: spring (MAM); upper

right: summer (JJA); lower left: fall (SON); lower right: winter (DJF).
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Figure 15: Differences in the cluster-averaged tropospheric latent heat
flux across 70°N (Wm™) between the late 21% century (2070-2089) and
the 20" century (1960-1999) from CCSM3.
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Figure 16: Difference in the cluster-averaged tropospheric Istent heat flux across 70°N
(Wm2) between the late 21% century (2070-2089) and the 20" century (1960-1999), for
upper left: spring (MAM); upper right: summer (JJA); lower left: fall (SON); lower
right: winter (DJF). Values are shown as the portions of a total change.
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5. Attribution of Seasonal and Regional Changes in Arctic Moisture

Convergence

Abstract

We investigate spatial and tempora changes in high-latitude moisture convergence
simulated by the National Center for Atmospheric Research Community Climate System
Model, version 3 (CCSM3). Moaisture convergence is calculated using the aerological
method with model fields of specific humidity and winds spanning the periods from 1960
to 1999 and from 2070 to 2089 (the 21% century incorporates the Special Report on
Emissions Scenarios A2 scenario). The model’s realism in reproducing the 20" century
moisture convergence is evaluated by comparison with values derived from the European
Centre for Medium Range Weather Forecasts reanalysis (ERA-40). In the area north of
75°N we find that summer moisture convergence is similar to observations, but the model
is generaly larger in winter, spring and autumn. The model also underestimates
(overestimates) the mean annual moisture convergence in the eastern (western) Arctic.
Late 21% century annual, seasonal, and regional changes are determined by applying a
self-organizing map technique to the model’s sealevel pressure fields to identify
dominant atmospheric circulation regimes and their corresponding moisture convergence
fields. Changes in moisture convergence from the 20" to the 21% century result primarily
from thermodynamic effects (~70%), abeit shifts in the frequency of dominant
circulation patterns exert a larger influence on future changes in the eastern Arctic.
Increased moisture convergence in the central Arctic (North Atlantic) stems mainly from
thermodynamic changes in summer (winter). Changes in the strength and location of

poleward moisture gradients are most likely responsible for projected variaionsin
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moisture transport, which are in turn a consequence of increasing anthropogenic

greenhouse gas emissions.

5.1. Introduction

One of the keys to diagnosing the Arctic’s complex climate system and predicting its
future trgectory is to understand the processes that drive its hydrologic cycle.
Observations and some modeling experiments indicate that the Arctic’s freshwater cycle
is not only sensitive to global climate change, but also that the high-latituderegional
changesin hydrology will affect the global climate (e.g., Manabe et al.,1991; Manabe and
Stouffer 1994; 1995; 1997; Min et al., 2008). These studies suggest that the enhanced
warming in the Arctic, owing to processes such as the ice-albedo feedback, may decrease
the salinity of high-latitudeoceans, both through increased runoff and ice melt, and
enhancehigh-latitude precipitation. The oceanic thermohaline circulation may then
weaken, which would, in turn, affect global temperatures. Lawrence and Slater (2005)
find that increased temperature and water availability in the Arctic soil will result in a
northward expansion of shrub and boreal forests. Such an expansion would lead to further
lowering of surface albedo over snow-covered shrubs and forests compared with snow-
covered tundra (Betts 2000; Chapin et al., 2005), which would further accelerate snow
and ice melt. The links between arctic hydrology and human-induced environmental
change have been demonstrated in a number of studies, which have often focused on one

particular element of hydrology (ACIA 2004).

Net precipitation is a particularly valuable measure for assessing Arctic change because it

combines both precipitation and evaporation. Its determination in high latitudes,
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however, is often hampered by the low density of observing stations, harsh Arctic
conditions that frequently lead to station failure, errors in gauge catchment of solid
precipitation (Yang 1999; Yang and Ohata 2001; Cherry et a., 2007), and varying
measurement techniques (Mekis and Hogg 1999). The so-called aerological approach
used in this study circumvents these problems, as the net precipitation is computed from
wind and precipitable water profiles as the change in the advection of vertically

integrated water vapor.

Changes in the net precipitation in high-latitudes were investigated by Cassano et
a. (2007), who used forecast values of precipitation and evaporation from an ensemble
output from 15 GCMs. They found that over 75% of the projected increase in net
precipitation is due to changes in thermodynamic processes. Emori and Brown (2005)
explored future extreme precipitation and found that changingdynamicsplays a
secondary role in high latitudes, while the increase in thermodynamics is consistent in
magnitude. Finnis et al. (2007) analyzed precipitation in a five-member ensemble of
CCSM3in the 21% century, and concluded that global changes in thermodynamics would
lead to large precipitationincreases over high latitudes. These studies focused on the
Arctic region as a whole using the “middle of the road” Specia Report on Emission
Scenarios (SRES) A1B scenario for greenhouse gas emissions (Nakicemovic and Swart
2000). However, according to latest studies (Pielke et a., 2008; Rahmstorf et a., 2007)
this projection underestimates actual emission rates. In this study we instead use the A2
scenario, or one of the “worst case scenarios’, which appears to be most similar to the

observed trends. In addition, we investigate and compare changing net precipitation in the
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four seasons and in various regions of the Arctic, and apply the self-organizing map

method to identify predominant mechanisms for the changes.

Climate models provide the best available tool to help understand processes of
past variability and predict future change. The National Center for Atmospheric Research
Community Climate System Model, version 3 (NCAR CCSM3) is a state-of-the-art GCM
that realistically simulates the Arctic atmospheric circulation and hydrologic cycle
(Cassano et al. 2006, 2007; Chapman and Walsh 2007). A brief summary of the model’s
properties and recent improvements is provided in Section 2. In this study we use one
realization of the CCSM 3. While thisintroduces uncertainty related to the realism of the
projection, we emphasize that the primary goal of this work is to explore the fundamental
mechanisms leading to projected increases in moisture convergence, both regionally and
seasonally, under the assumption that the basic physics of the model are correct in

responding to the forcing dictated by the A2 SRES scenario.

This study focuses on characterizing the future spatial and temporal changes of
the Arctic moisture convergence by the late 21% century, and understanding the processes
that drive these changes. We use daily time series of specific humidity and wind profiles
from the CCSM3 for two time intervals: from 1960 to 1999 (“20" century”) and from
2070 to 2089 (“21% century”). Daily fields of moisture convergence, an estimate of net
precipitation, are derived from these products using the aerological approach. The realism
of the 20" century model’s simulation of moisture convergence is evauated by
comparing the annual and seasonal mean fields with those calculated from the European
Centre for Medium-Range Weather Forecasts (ECMWF) reanaysis (ERA-40). These

results appear in Section 3. Section 4 describes the application of the self-organizing map
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(SOM) method (Kohonen 2001) to CCSM3 and ERA-40 sea-level pressure (SLP) fields
to create a matrix of SLP patterns, and also describes how these circulation patterns are
related to a particular net precipitation pattern. The SOM technique is selected for this
analysis because it breaks down very large data setsinto representative, fundamental
clusters organized in a matrix of 2D fields— geographic maps in this case-- that are
expressed in a visual and intuitive rendering. The maps are situated in the matrix relative
to one another according to their similarity. In Section 5 we apply an approach devised by
Cassano et a. (2007) to quantify the portion of change in moisture convergence that can
be attributed to changes in a parameter representing dynamics, another related to
thermodynamics, and a combination of the two. We contrast annual and seasonal changes
in the central Arctic and North Atlantic from the 20" to the 21% century, and also analyze
annual changes in severa peripheral seas. The conclusions and summary are provided in

Section 6.

5.2. Data sour cesand methods

5.2.1. Data sets

The model output used in this study is six-hourly, multilevel fields of specific
humidity, as well as zonal and meridional winds from a single run of the NCAR CCSM
version 3.0. Fields were obtained from the Program for Climate Model Diagnostics and
Intercomparison (PCMDI) at the Lawrence Livermore National Laboratory. The
atmospheric module of this version of CCSM3 includes new treatment of cloud and

precipitation processes, as well as improvements in radiative parameterizations. It
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incorporates 26 vertical levels, atop at 2.2 hPa, 13 layers above 200 hPa, and a horizontal
resolution of about 1.4°. Overall the atmospheric component realistically represents the
major features of the global hydrologic cycle (Hack et al. 2006). The 20" century
experiment (20C3M) includes the direct effect of sulfates (Smith and Wigley 2001; Smith
et a., 2005), and aso incorporates ozone (Kiehl et a., 1999) and solar (Lean et a., 2002)
forcing. The model includes observed concentrations of CO,, CH4, N,O and CFCs, and
effects of volcanic eruptions are parameterized (Ammann et al., 2003).

The 21% century simulation for the A2 scenario assumes a continuously increasing
population (15 billion by the year 2100) and slow implementation of new technologies.
The scenario is employed from 1990 to the end of the 21% century, at which time the
carbon dioxide concentrations reach 850 ppm. Sulfate emissions peak around 2030 at 110
TgS and decrease to 60 TgS by 2100. The original 6-hourly PCMDI data were
interpolated from the hybrid sigma-pressure vertical coordinates to a pressure coordinate
system and reduced in size by subsetting from global coverage to the region north of
60°N, from 6-hourly to daily resolution (12 UTC only), and from 26 vertical levelsto 10
(troposphere only). Horizontal moisture transport was calculated for five tropospheric
layers (1000-850, 850-700, 700-500, 500-400, and 400-300 hPa). Moisture transport is
generally largest in the troposphere where the concentration of water vapor is largest. It
peaks below 600 hPain high latitudes, associated with transient eddies defining the North
Atlantic and Pacific storm tracks. Above the polar tropopause water vapor concentration
is sparse and moisture fluxes are small (Serreze and Barry 2005). The time slices used in
this study span periods of 1960-1999 for the 20™" century experiment and 2070-2089 from

the SRES A2 scenario. The latter period is chosen to be consistent with results from the
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Arctic Climate Assessment Report (ACIA 2004, www.acia.uaf.edu) to represent the
mature greenhouse state (Serreze and Francis 2006). Sea-level pressure fields are also
extracted for the same time periods and interpolated from the original 1.4°x 1.4° grid to a
200 km x 200 km Equal Area-Scalable Grid (EASE; Armstrong et al. 1997), covering the
area north of 60°N. Interpolation to an equal-area grid averts errors that might arise due to
egual weighting of the original latitude-longitude grid points in the self-organizing map
algorithm described in the next section.

Daily SLP output from the ERA-40 reanalysis (Upala et a., 2005) was used to
validate the model’ s performance for the 20" century. These fields were interpolated to
the same grid as CCSM 3. The ERA-40 incorporates a full range of sea ice concentrations,
thermal effects of frozen soil hydrology, and realistic albedos for snow-covered surfaces.
The output achieves an approximate annual balance between the moisture flux
convergence derived from assimilated and forecast values of P-E (Bromwich et a. 2002).
Daily multi-level fields of zonal and meridional winds and specific humidity were also
retrieved from ERA-40, and the aerological method was applied to derive the reanalysis
horizontal moisture convergence. The absolute accuracy of wind and moisture profilesis
not known owing to a dearth of independent rawinsonde data, but the assimilation of a
variety of conventional and satellite information is expected to produce fields of state
variables that are redlistic. Cullather et al. (2000) and Serreze et al. (2005) report,
however, that aerological estimates of net precipitation from ERA-40 in the Arctic appear
to have shortcomings compared to available and also imperfect observations, but there is
no better alternative identifiable at this time. Aerological estimates from reanalysis are

believed to be superior to those derived from rawinsondes only because the primary
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moisture conduits into the Arctic from lower latitudes are not captured by the sounding
network, while additional data assimilated by reanalysis are more successful in

representing these moisture transports (Cullather et al., 2000; Serreze et al., 2006).

5.2.2. Self-organizing maps (SOMs)

A self-organizing map (SOM) algorithm is a neural- network technique that attempts
to reduce the dimensions of alarge data set by organizing it into atwo-dimensional array
or a matrix (Kohonen 2001). For this study, the data set used for the SOM analysis
consists of a time series of 2D fields of SLP over the Arctic from both ERA-40 and
CCSM3. The SOM agorithm organizes the daily fields into clusters of similar maps by
identifying SLP patterns that represent the range present in the original data set. The 2D
maps in the SOM matrix provide a more intuitive rendering of pattern characteristics and
their relative frequency of occurrence than is achieved by other statistical tools, such as
empirical orthogonal functions.

A complete description of the SOM method is presented in our companion paper,
Skific et al. (2009), and we present only a brief discussion of the mechanics here. The
initial step isthe creation of afirst-guess set of maps consisting of an arbitrary number of
SLP patterns, which are called reference vectors. The projection of the reference vector
on a 2-dimensional array is usualy referred to as a node. In this study we chose the
number of nodes to be 35, spanning a two-dimensional array of 7x5. Initial testing of
dightly smaller and larger SOM matrices indicate that this matrix is a suitable size to

capture and separate the important differences in pressure patterns and that the results of



105

the analysis are not sensitive to the number of nodes chosen. The major difference
between the SOM and the traditional clustering algorithms is the fact that reference
vectors of al neighboring nodes are adjusted toward the best matching vector of the input
data sample, not only that of the closest node (Hewitson and Crane 2002). Because of this
updating scheme, the resulting clusters of maps that belong to each node become
organized on a 2-dimensional array in such away that more similar clusters are placed
closer together, while those less similar are farther apart, allowing a more intuitive
interpretation of patterns and their relationship to each other in the matrix.

We apply alinear map initiation, as described in Kohonen (2001), which begins by
first determining the two eigenvectors, derived from the covariance matrix of the SLP
fields, with the largest eigenvalues, then letting these eigenvectors span the two-
dimensional linear subspace. Linear initialization helps achieve faster convergence, but
the SOM results are not sensitive to the selected initialization method. In the process of
training, each data sample (i.e., one daily map of SLP) is presented to the SOM matrix in
the order it occursin the original data set. The similarity between the data sample and
each of the reference vectors is then calculated, usually as a measure of Euclidean
distance in space. The “best match” node is identified and the reference vectors further
refined through an iterative process through which the centroids of the clusters of daily
maps matched to each node are modified to minimize the distances between the samples
and the reference vectors.

Although the measure of similarity between the data and the reference vector is
linear, it is this iterative training procedure that allows the SOM to account for the non-

linear data distributions (Hewitson and Crane 2002). The non- linear approximation of the
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data space is therefore a great advantage of the method compared to some other
approaches, such as empirical orthogonal functions (EOFs) (Reusch et al., 2005). For

further detail, please see Skific et a. (2009) and Cassano et a. (2007).

5.3. Comparison of ERA-40 and CCSM 3 moistur e conver gencefields

The moisture convergence results from the net transport of precipitable water into
or out of alayer and is equivalent to net precipitation when assessed over a period of
several months. It is computed using the “aerological” approach (Serreze and Barry

2005) as
V- (@),
where Q isthe precipitable water in alayer defined as
& =>["q-d
K g"Py 4 P

and V is the wind velocity in layer k (Groves and Francis 2002). Cloud liquid water
storage and moisture transport across the tropopause are neglected, as they are usually
small factors in the column moisture budget in polar conditions (Groves and Francis
2002). Total moisture convergence in the tropospheric column is derived by summing the

convergencein all layers.

Thelong-term, annual- mean moisture convergence for ERA-40 and CCSM3
during the 20" century is presented in Fig. 1. Overall the model result is similar to that

derived from ERA-40, although some regional differences are evident. The annual net
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precipitation off the east coast of Greenland and around Iceland, as well as over the
southern coast of Alaska, is more pronounced in ERA-40 than in the CCSM3, partially
due to the lower spatial resolution of model orography and output. The long-term mean
values of moisture convergence from the model and observations for the 20" century in
the various regions shown in Figure 2 are given in Table 1. Values from the model that
are significantly higher or lower than those from ERA-40 at a 95% confidence level are

highlighted in bold.

The model’ s moisture convergence in the Atlantic sector is lower than the ERA-
40 value by about 32%, while over the central Arctic the model is about 17% higher. In
general theresults in Tablel indicate that the model underestimates moisture
convergence in the eastern Arctic (Atlantic sector, Barents and Kara Seas) relative to the
anaysis, but significantly overestimates it in the western Arctic (Laptev, East Siberian,
Chukchi and Beaufort Seas). In the Laptev and East Siberian Seas, the model’s moisture
convergence is about 18% and 38.7% higher, and differences become more pronounced
in the Chukchi and Beaufort Seas, where the model’ s values are double those in ERA-40.
These results agree with conclusions by Finnis et al. (2008a, 2008b), who found that
modeled Mackenzie River Basin cyclones are too intense, too persistent, and/or occur too

frequently.

Seasonal - mean moisture convergence fields for the 20" century from ERA-40 and
CCSM3 are compared in Fig. 3. The negative vaues in the Barents Sea and south of
Svalbard that appear in both the CCSM3 and ERA-40 during non-summer seasons are
associated with large evaporation rates owing to a strong temperature contrast between

open water and the cold, dry air above. Maximum (minimum) moisture convergence in
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most areas occurs during summer (winter), while the region east of Greenland and along
southern Alaska have a cold-season maximum and warm season minimum. The summer
maximum over the central Arctic is related to cyclones penetrating deeper into the Arctic
Ocean (Serreze and Barry 2005). Negative values of moisture convergence over Eurasia
in summer result from evaporation exceeding precipitation. Drying of the land surface
duringsummer leads to greater warming than over sea ice where temperatures are
confined to the melting point. These contrasts increase baroclinicity in the summer
Arctic, which is usually also enhanced by steep coastal orography (Serreze and Barry
2005). These conditions favor cyclogenesis over northeastern Eurasia and Alaska/Y ukon.
These disturbances often migrate into the Arctic, resulting in increased precipitation over
central Arctic region during summer. Another pathway of cyclones into the Arctic in the
summer is from systems generated along the weakened North Atlantic storm track (Reed
and Kunkel 1960). Areas near Iceland and east of Greenland experience maximum
moisture convergence in the autumn and winter, which reflects the influence of the well

defined storm track and relatively heavy precipitation.

Table2 summarizes the 20" century seasonal and regiona differences in
moisture convergence between ERA-40 and CCSM 3. Model values of summer moisture
convergence over the central Arctic are similar to those from ERA-40. In the autumn,
winter, and spring seasons, the model’ s moisture convergence over the central Arctic
exceeds that from ERA-40 by 15%, 32%, and 59%, respectively. In the north Atlantic,
moisture convergence from the model is the most similar to ERA-40's values in the
spring, when CCSM3 values are lower by 18%. Differences are more pronounced in the

autumn, winter and summer when modeled moisture convergence falls significantly
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behind the reanalysis by 39%, 39%, and 29%, respectively. In the Barents Sea differences
between the model and the reanalysis are most pronounced and statistically significant at
the 95% confidence level in the winter (spring), when moisture convergence in the model
is lower (higher) than the reanalysis by 0.77 (0.68) cm/month, while they are the most
similar in the summer. In the Kara Sea the model is lower by about 23% in summer and
autumn, while in spring the model exceeds the reanalysis value by 14.3%. Differences are
the smallest in the winter. In the Laptev, East Siberian, Chukchi and Beaufort Sea, the
model is most similar to that of the reanalysis in the summer months. In the western
Arctic, the model generally overestimates moisture convergence in all seasons, with
largest differences (about 1.5 cm/month) in the autumn and winter in the Chukchi and
Beaufort Seas. These results agree with findings by Finnis et al.(2008a; 2008b), who
found that the CCSM3 oversimulates cyclogenesis in the Mackenzie Basin during
autumn, winter and spring, leading to overestimation of precipitation in that area. In
addition, Alexander et al. (2006) suggests that the resolution of topography plays a
crucia role in simulating lee-cyclogenesis in the model. This could explain large
differences between the model and the reanalysis in the lee of the Rocky Mountains. We
also note that differences may arise owing to the comparison of two single realizations of
the system, one modeled and one from the real world, and that long-term cycles of

natural variability may be out of phasein the two realizations.
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5.4. Links between moisture convergence and circulation patterns. a

self-or ganizing map (SOM) appr oach

The SOM method described in Section 2 is applied to the daily sea-level pressure
anomalies from a combination of both ERA-40 and CCSM3 output for all timeperiods.
Daily SLP anomalies are created by subtracting the domain-averaged SLP for each daily
map from the SLP at each grid point on that day. As argued by Cassano et a. (2007),
these anomalies are a better representation of the SLP patterns, as eliminating the daily
mean focuses the procedure for pattern classification on pressure gradients, which are a
better representation of circulation features. Areas of elevation higher than 500 m are
removed from the fields because pressure reduction to sea level in the areas of high

elevation can lead to unrealistic patterns.

Figure 4 shows the self-organizing map of SLP anomalies north of 60°N,
hereafter called the “master SOM.” The same master SOM is presented in Skific et al.
(2009). The matrix of maps represents the dominant circulation regimes in which the
atmosphere tends to reside according to the data sets used to create it. Patterns with a
strong Icelandic low and moderate-to-strong Aleutian low, accompanied by high pressure
over the northern Eurasian continent, are found in the bottom right. Maps in the upper
right are characterized by pronounced low pressure in the Atlantic sector extending into
Barents Sea, while the western central Arctic, continental regions, and the Pacific sector
are dominated by high pressure. These patterns correspond to a moderate or strong
Beaufort high in winter. In the bottom left corner of the map are conditions with a

pronounced low pressure area in the central Arctic and high pressure over northwestern
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Eurasia. Towards the upper left corner the low is centered in the Kara and Laptev Sea
area, while high pressure is located over the northeast American continent. The patterns
in the middle of the SOM are dominated by high pressure over the central Arctic.

The frequency of occurrence (FO) for 20" century SLP anomaly patterns in CCSM3
(1960-1999) are presented in Figure 5, top panel. Frequencies of occurrence are defined
as the percent of days that map into a particular cluster out of the total number of daily
fields. Black solid (dashed) contours show values of FO that are significantly higher
(lower) than an expected value for a random binomial distribution (i.e., 2.86%), with a
confidence level of at least 95% (for more details see Cassano et a. 2007). Because this
statistical test does not account for the effects of serial correlation in the daily SLP fields,
and thus likely overestimates the degrees of freedom, we determine an approximation for
the effective degrees of freedom by dividing the number of samples of the two data sets
by 7. This value is determined from the serial correlation of the SLP time series, which
indicates that the atmosphere tends to reside in a circulation regime for about one week.
This procedure decreases the degrees of freedom, thus establishing a higher threshold for

determination of a significance level.

The features evident in the top panel of Fig. 5 show that the bordering clusters
occur more frequently, while those positioned in the middle of the matrix, representing
transitional circulation patterns between the most dominant regimes, are less common.
Skific et al. (2009) compared 20" century FOs of the CCSM3 single run to those from
ERA-40 and found that the modeled fields occupy clusters with high pressure in the

central Arctic lessfrequently, while clusters with pronounced low pressure in the Atlantic
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region (on the right of the SOM) are occupied more frequently than in ERA-40. This
results in the model’s mean sea-level pressure of the 20™ century being lower in the
central Arctic and in the Atlantic sector compared to the reanalysis, while pressure in
northern Eurasia and northeastern American continent is higher.

The FO of winter (DJF) and summer (JJA) patterns in the 20" century CCSM3 is
shown in Fig. 5, middle and bottom panel. The most common winter patterns are on the
right side of the master SOM; circulation patterns on the left side are more characteristic
of summer conditions.

The master SOM can be used to identify which days belong to each cluster in the
matrix. Maps of other variables corresponding to the days in each cluster can then be
analyzed as well, alowing patterns of other quantities to be assessed for a fixed
circulation regime. Figure 6 shows the result of mapping moisture convergence onto the
SLP clusters from Figure 4. Once all the 20™ century daily fields have been assigned to a
particular SLP cluster, we subtract the domain-average, 20"-century- mean moisture
convergence from each cluster-average map to derive anomalies. Red shading
corresponds to positive values, i.e., precipitation exceeds evaporation, which usually
occurs east of low-pressure systems and west of high-pressure systems. Blue shading
corresponds to moisture divergence, i.e.,, where evaporation exceeds precipitation.
Patterns in the lower right corner of Figure 6 correspond to winter patterns with a
pronounced Icelandic low and a moderate-to-strong Aleutian low. This situation brings
more precipitation in the Atlantic and Pacific sectors, as well as to northwestern Europe
and Canada. In the upper right corner of the matrix, moisture convergence corresponds to

a circulation pattern characterized by low pressure in the Atlantic sector that extends
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northeastward, and well-defined high pressure over the central Arctic. Positive values of
moi sture convergence also exist across the Eurasian continent. Toward the left in the top
row of Fig. 6, an area of negative moisture convergence in the Atlantic sector is related to
low pressure in the Kara and Barents Sea, which favors evaporation in the Atlantic sector
by bringing colder and drier Arctic air onto the warmer Atlantic waters. In the lower left
corner, circulation patterns are characterized by high pressure over northwestern Eurasia
and low pressure over the central Arctic. This configuration will favor positive moisture

convergence in the north Atlantic and negative values over northwestern Eurasia.

5.5. Future changes in moisture transport for various regions of the
Arctic

5.5.1. Demonstration of SOM technique for pan-Arctic domain
In this section we use the SOM approach to identify changes in the model’ s simulation of
moisture convergence in the late 21% century relative to the 20" century and determine
the causes of these changes. Even thought the CCSM3 simulation for the 20" century
differs from the ERA-40 in some areas, the projected future changes in the model output
forced by the reasonable conditions described by the A2 scenario are instructive for
understanding the mechanisms driving the changes.

There are two ways that a temporal change can be guantified. One is any
difference in the frequency with which each of the SOM clusters is occupied by the
individual daily fields. Physicaly this can be interpreted as a change in the atmosphere’s
preference for a particular fixed weather pattern, as captured by the SOM matrix. The

other way is through a change in the variable averaged over all the daily maps that belong
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to a particular cluster. For example, the mean water vapor content for a cluster of similar
pressure patterns may increase in the future, resulting in the cluster- mean value for water
vapor increasing even though the pressure patterns themselves do not change
significantly.

This rationale is the basis of a procedure developed by Cassano et a. (2007) that
separates the contributions from changing atmospheric dynamics, as represented by
changes in the FOs; thermodynamics, as estimated by the change in the cluster-mean
variable of interest, or a combination of the two. A brief summary of the procedureis
provided here; details are available in Cassano et al. (2007) and Skific et al. (2009).

The factors contributing to the total tempora change in a variable x across a
region can be expressed mathematically as

X furure = Dieq (fi X + Afix; + fildx; + AfjAx;) 1)
where X; is the cluster-averaged variable in the initial time period, f; is the frequency of
occurrence (FO) of cluster i during the initial period, and N is the total number of clusters
(N = 35 inthis study. The first term represents the mean value of a variable in a cluster
weighted by its FO during the initial time period, the other three terms define
contributions to the change between the initial and the later period. The second term,
Afix;, relates the changes in avariable of interest to changes occurring due to a shift in the
FO of a particular circulation regime or cluster. This term therefore identifies the portion
of a change caused primarily by varying dynamics, i.e., more or less frequent occurrence
of a particular circulation regime. The third term, f;Ax;, describes the contribution due to
changes in the cluster-averaged variable of interest that occurs for a fixed circulation

regime, and is referred to as the thermodynamic factor. The fina term, AfiAx;, is the
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combined dynamic/thermodynamic factor, which describes the contribution by changes
in FO acting on changes in cluster-averaged variable of interest. Thedifferentiation
between these factors may be indistinct in some cases -- the attribution presented in this
work is meant to be an indication of the character and magnitude of the causes of change
projected by the model, not a quantitative prediction of contributions. Assuming the basic
model physics are correct in their response to the A2 SRES forcing, we submit that the
explanations for projected change by the end of the 21% century are a valuable tool for
understanding system behavior in the mature greenhouse world.

This section summarizes results from Skific et a. (2009) as background for the
analysis of regional and seasonal projections. Change in the FO of sea-level pressure
anomalies (i.e., Af)) between the late 21% century (2070-2089) and the 20™" century (1960-
1999) isshown in Figure 7. Black solid (dashed) lines identify areas where differencesin
FO are significantly higher (lower) with a confidence level greater than 95%. Numbers
shown on black solid (dashed) lines indicate values of the difference in FO along that
contour. A more pronounced, statistically significant increase in patterns with low
pressure over the central Arctic (clusters on the left of the master SOM inFig. 4) is
evident, as well asin clusters with strong high pressure across the western Arctic region
and strong low pressure in the Atlantic sector and eastern Arctic (upper right side of the
SOM). The clusters in the middle, mostly representing weak or moderate high pressure in
the central Arctic, have decreased. These changes in the FO of SLP patterns represented
by each cluster in the SOM suggest that in the greenhouse- gas- forced future, the pressure
in the central Arctic will generally decrease, and the SOM reveals which SLP patterns are

responsible for the change. Skific et al. (2009) analyze future changes of CCSM 3 sea-



116

level pressure anomalies using the SRES A2 scenario, and find that this model realization
exhibits an Arctic-mean pressure decrease of about 1.8 hPa in the late 21% century
relative to the 20™ century.

The cluster-averaged moisture convergence (x; in Eq. 1) for the pan-Arctic region
(area north of 60°N) for the 20" century is shown in Figure 8. Circulation patternsin the
lower right (those corresponding to well-pronounced Icelandic and Aleutian low), and
lower left corner (low pressure across the central Arctic) favor higher moisture
convergence, or net precipitation, in the pan-Arctic region. The clusters in the middle of
the SOM (those showing high pressure across the central Arctic) favor less moisture
convergencein the region.

Figure 9 shows Ax;, the change in thecluster-averaged moisture convergence
between the late 21% century (2070-2089) and the 20" century (1960-1999). This change
is positive for each circulation pattern of the SOM, which means that the thermodynamic
factor, defined by multiplying Ax; (Fig. 9) by f; (Fig. 5), will be positive. Physically, a
thermodynamic change may result from any change in the horizontal moisture gradients.
The change due to thermodynamics is positive for all clusters, and its total contribution
summed over al clusters, is 67 mmyr.

The separate dynamic, thermodynamic, and combined factors are presented in
Figure 10 for each individual cluster using the same scale to illustrate their relative
importance. The dynamic term, derived by multiplying x; (Fig. 8) by Af; (Fig. 7),is
positive for the circulation patterns to the left and to the right of the SOM, and negative
for the clusters in the middle of the SOM. Its total value summed over al clustersis 2.76

mm yr. Physically, the dynamic factor arises from a change in the FO of a particular
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cluster. The contribution from the combined factor (Fig. 10, bottom) is relatively very
small. The total increase in moisture convergence for the pan-Arctic region (north of
60°N), derived by summing the contributions by all three terms, is about 70 mm yr?,
with the factor described as thermodynamics accounting for 95% of the total increase. In
the next section, we apply this principle to derive and compare changes in moisture

convergence for particular regions of the Arctic.

5.5.2. Attribution of regional changes

Here we focus on eight regions. the central Arctic, North Atlantic, Barents, Kara,
Laptev, East Siberian, Chukchi and Beaufort Seas (seeFig. 2). In the CCSM3 20"
century simulation, the moisture convergence in each Arctic region is averaged for each
daily map within a cluster and is presented in Figure 11. These contours represent X; in
equation (1) and indicate which clusters in the master SOM are responsible for maxima
and minimain moisture convergence occurring in each region.

The moisture convergence in the central Arctic and north Atlantic is largest for
clustersin the lower right section of the master SOM (i.e., a strong Icelandic low) and in
the lower left (i.e., low pressure in the central Arctic and high-pressure in the
northwestern Eurasia), as shown in the first row of plotsin Figure 11. These clusters
favor more precipitation over evaporation, while those in the center and the top of the
master SOM (i.e.,, weak and moderate high pressure over Arctic) have lower net
precipitation. The Kara and Barents Seas have a higher moisture convergence for
clusters on the right side of the SOM. These circulation patterns are characterized by low

pressure in the Atlantic sector extending northward and eastward into the coastal seas of
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the eastern Arctic, while high pressure is generally located over northern Eurasia and
across the western Arctic. Clusters in the upper- and middle-left sides of the SOM favor
higher precipitation in the Laptev, East Siberian, Chukchi and Beaufort Seas. These
patterns feature low pressure over these seas, along with high pressure in northeast
Canada. The Beaufort and Chukchi Seas also have higher moisture convergence values
when there is a strong Aleutian low (lower middle and right of the SOM). Low pressure
in the Atlantic (clusters on the right) generally has little influence on the moisture

convergence in the western Arctic regions.

The third term of equation (1), i.e., Axf;, describes the change in moisture
convergence resulting from changing physical characteristics in a particular cluster but
with a fixed frequency of occurrence of that pattern. Physically, this term represents
primarily the thermodynamic portion of the total change. Contributing factors may
include changes in moisture content of the atmosphere or other processes that may affect
the moisture gradient in an area. Regional changes in the cluster-averaged moisture
convergence between the late 21% century and the 20™" century are shown in Figure 12.
Because the sign of the change in thermodynamics is determined by the sign of cluster-
averaged moisture convergence from the earlier to later time intervals, it is obvious from
Figure 12 that this term contributes significantly to the total overall increase in most
regions. Nevertheless, some clusters of the matrix show a large decrease in moisture flux
convergence (unlike for the pan-Arctic region in Fig. 9). These reductions in moisture
flux convergence account for the negative thermodynamic changesin the Barents and

Kara Seas.
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The fourth term in equation (1) describes the portion of total change arising from
combined dynamic and thermodynamic effects. This change could, in a physical sense,
describe a change of thermodynamics (such as changes in atmospheric moisture content)
that result from a particular circulation regime occurring more or less frequently. For
example, more frequent occurrence of low pressure circulation patterns could lead to
changes in atmospheric thermodynamic properties, either through intensified surface
mixing and consequent increase in evaporation, or an increase in the FO of precipitation
events. The term definition, as given in equation (1), relates Af;, the changes in the FO
(Fig. 7), to Ax;, the changes in cluster-averaged moisture convergence (Fig. 12). The two
are multiplied and summed over all the clusters.

Figure13 presents the total changes in moisture convergence in the late 21%
century relative to the 20" century, as well as the individual contributions by the
dynamic, thermodynamic, and combined terms in various regions of the Arctic. In the
central Arctic north of 75°N, about 85% of the increase in moisture convergence is due to
changes in the thermodynamic factor. The second largest contribution is the combined
term, accounting for about 9% of the total change, while the dynamic factor accounts for
only about 5%. For the A2 scenario, the model projects that the total moisture
convergence will increase by about 39 mm yr! (15.7%) in the central Arctic by the late
21% century relative to the 1960-1999 period. Of al the regions studied, the N. Atlantic
will experience the largest increase in moisture convergence of about 55 mm yr?
(17.7%). However, large spatial variations are evident in the annual mean values in the
Atlantic sector (Fig. 14): while the area south of Svalbard and east of Greenland

experiences a decrease in moisture convergence, it increases by over 200 mm mo* west
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of Scandinavia. Approximately 24% of the total change in this region is due to dynamic
effects, while 87% is due to thermodynamics. The combined term has a small, negative
contribution of about -11%. In the eastern Arctic the dynamic term appears to have a
stronger influence than in the western Arctic. The Kara and Barents Seas experience
decreased moisture convergence, particularly in the Kara Sea (15 mm yrl).
Thermodynamics and the combined term contribute to a reduced moisture convergence in
these regions. A negative sign in the thermodynamic term indicates that evaporation
becomes larger relative to precipitation, most likely due to substantial regional
atmospheric warming, which would lead to decreased poleward gradients in temperature
and humidity and reduced moisture advection into a region. This could also be related to
extensive losses of seaice in these two regions, which exposes large areas of open water
and leads to increased evaporation. The positive dynamic term, however, results from an
increase in the FO of the clusters in the upper right corner of the master SOM, which
would likely increase the precipitation events in these regions. The combined term may
result from effects of changing storm frequencies on surface turbulent fluxes or perhaps

changes in surface moisture fluxes on storm devel opment.

A common feature in the Laptev, East Siberian, Chukchi, and Beaufort Seas is the
strong influence of thermodynamic effects, which favor an increase in moisture
convergence of > 40 mm yr'. Interestingly, dynamic changes in these seas contribute
negatively to moisture convergence in the future, according to this model run. To explain
these features, we compare cluster-averaged moisture convergence of the 20" century for
seas of the western Arctic (Fig. 11) with changes in the FO from the 20™" to 21% centuries

(Fig. 7). Clusters with high moisture convergence in these regions appear in the upper-
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middle and upper left side of the SOMs, and the FO of these clusters decreases
significantly in the late 21% century. The Chukchi and Beaufort Seas also show higher
moisture convergence for the clusters in the lower right of the SOM, which are related to
a pronounced Aleutian low. The FO of this feature also decreases in the late 21% century

(Fig. 7), contributing to the negative dynamic factor in the Chukchi and Beaufort Seas.
5.5.3. Seasonal changes

Changes in FO of the sea-level pressure anomalies from the 20 to the 21
centuries and for each season are presented in Figure 15. These changes represent Af;in
Eqg. (1), and when multiplied by the cluster-average moisture convergence X;, represent
the contribution of changing dynamics to total future change. The FO of circulation
patterns on the left side of the master SOM, featuring dominant low pressure over the
central Arctic, are projected to increase in all seasons, particularly in summer and fall.
Patterns in the upper right corner, characterized by low pressure anomalies in the N.
Atlantic extending northeastward into the Arctic along with high pressure over the
western Arctic, occur more frequently in the spring and winter. Clusters positioned in the
middle of the SOM with weak or moderate high pressure over Arctic become less
common in the late 21% century. Significant decreases in these clusters are most
pronounced in the summer, but the general decrease occurs in all seasons. These changes
have important implications for the moisture convergence.

Changes in moisture convergence in the CCSM3 from the 20" to late 21%
centuries for each season are shown in Figure 16. Histograms on the left (right) are for
the central Arctic (North Atlantic). Portions of the total seasonal change that are due to

dynamic, thermodynamic, and combined termsin Eq. (1) are al'so shown.
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In the central Arctic the largest changes in total moisture convergence occur in
summer (57%). Thisis consistent with Skific et al. (2009), who found that the largest
projected increases in northward moisture flux by the late 21% century will occur in
summer, corresponding to highest increases in moisture content in the warmest season.
The increase in spring moisture convergence accounts for about 24% of the total change.
Autumn and winter changes are the smallest, contributing about 13% and 6%. In all
seasons, the thermodynamic contribution plays a major role in governing moisture
convergence changes and is most pronounced in the spring and summer, accounting for
about 87% of the total change. In spring and summer, dynamics is the second largest
term, contributing about 13% and 8% to atotal change, while the combined factor only
contributes about 4.2% and -0.3%. In fall the contribution of thermodynamics to the total
change is smaller but still dominant at about 47%, followed by the combined factor
(31%) and thedynamic factor (22%). In winter the largest change in moisture
convergence occurs through combined dynamic-thermodynamic influences, accounting
for about 53% of the total change. The thermodynamic factor is the second largest,
contributing 34% to the total change, while the dynamic factor accounts for about 13%.
An increased frequency and/or more northward penetration of storms in the future could

account for the combined term being largest.

In the North Atlantic (Fig. 16, right), the largest changes in the late 21% century
moisture convergence are projected to occur in winter, accounting for about 44 % of the
total change. Autumn, spring, and summer contribute about 25%, 22%, and 9%,
respectively. The North Atlantic sector receives most precipitation in winter when the

gradients are strong and the winter storm track associated with Icelandic low is
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pronounced. The individual contributions from various factors to the total winter increase
in moisture convergence indicate that the winter increase is driven primarily by changes
in thermodynamics, which account for about 89% of the total change, along with smaller
contributions by dynamics (5%) and the combined term (6%). These results suggest that
the pronounced increase in winter moisture convergence is not due to an increase in the
FO of the Icelandic low pattern, but rather due to changes in the moisture content of the
atmosphere, which leads to changes in the moisture convergence forced by a particular
circulation pattern in winter. Thermodynamics play the primary role in governing
changes in moisture convergence in the North Atlantic in the spring and autumn (115%

and 83%) as well, athough dynamic changes are also important in autumn (38%).

Differencesin the FO between the 20" and 21% century may shed some light as
to why the changes in these two regions occur. In fall there is asignificant increase in
frequency of occurrence of clusters along the left side of the master SOM (Fig. 15, lower
left), along with a noticeable but statistically insignificant increase of clusters to the right.
Both the clusters in the lower left (with dominant low pressure anomalies in the central
Arctic, Fig. 4), and those in the lower right (clusters with a dominant Icelandic low in the
Atlantic sector) favor increased moisture convergence in the North Atlantic (Fig. 11,
upper right). During both fall and spring, the contribution of the combined term to the
total change in moisture convergence in the North Atlantic is negative. This arises
because the combined term is derived by multiplying the difference in the cluster-
averaged FO (Fig. 15) by the difference in the cluster-averaged moisture convergence
(Fig. 17), i.e,, AfiAx;. The negative Af; values in the upper left, middle, and lower middle

clustersof Fig. 15 have a strong influence on the N. Atlantic combined factor during
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spring. The sign of the combined factor in spring is mostly determined by the spring
difference in FO (Fig.15, upper left), as the change in the cluster-averaged moisture
convergence for that season is mostly positive (Fig. 17, upper left). The negative
contribution by the combined factor during fall arises mainly from the preponderance of
decreasing FO in all clusters except along the far right and left of the SOM. These central
clusters represent transitional surface pressure patterns, which tend to occur in late
summer and fall. In summer the total increase in moisture convergence in the N. Atlantic
is the smallest. This tendency is governed by changes in the FO of precipitation events
owing to aweakened storm track, which in summer shifts more northward into the Arctic
basin. Figurel5 (upper right) reveals that there is a strong, statistically significant
increase in the FO of clusters in the bottom left of the SOM, which have low-pressure
anomalies over the central Arctic (Fig. 4) characteristic of summer conditions (Fig. 5).
These are also the clusters that favor increased moisture convergence in the N. Atlantic

(Fig. 11, upper right).

The dynamic contribution explains about 85% of the total summer moisture
increase in the N. Atlantic in the late 21% century. Only 15% of the total change in the
summer in this region is due to thermodynamic changes, and the combined term is
neglectable. In contrast to the central Arctic, thermodynamics plays a secondary role in
governing changes in moisture convergence in the N. Atlantic summer. It islikely that by
the end of the 21% century the portion of precipitation in N. Atlantic derived from
evaporation would increase. More frequent occurrence of storms could also increase the
evaporation by intensifying the surface mixing, which could also explain the negative

sign of the combined term. It is aso likely that some of the surface-evaporated moisture
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in N. Atlantic summer is advected northward, into the central Arctic where it would
contribute to regional net precipitation increase. This eventudlity is likely cause by
highest increases in Arctic moisture transport in the summer season in this model run
(Skific et al. 2009). In addition, N. Atlantic is the main pathway of moisture into the

Arctic (Serreze and Barry 2005).

5.6. Summary and conclusions

Better understanding of future global climate change will require not only
improved model simulations, but al'so a more system-oriented, interdisciplinary approach
(Serreze and Barry 2005). This study demonstrates that if today’s trends in greenhouse-
gas emissions continue the Arctic will likely experience large changes in the hydrologic
cycle. By the late 21% century of the SRES A2 scenario, a simulation by theCCSM3
projects that annual-mean moisture convergence into the Arctic, or equivaently net
precipitation, will increase by about 20%, with over 85% of that increase being attributed
to changes in thermodynamic factors such as increased precipitable water and a
strengthening of the poleward moisture gradient. This conclusion is consistent with
previous studies by Cassano et al. (2007), Emori and Brown (2005), and Finnis et al.
(2007). This study expands on previous research by investigating the roles of
thermodynamic and dynamic influences on moisture convergence regionally within the

Arctic and during the four seasons.

Dynamic influences on net precipitation, owing to changing frequency of

particular circulation patterns, are more pronounced in the Atlantic sector than in the
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Pacific sector of the Arctic. Changes in the model’s moisture content of the Arctic
atmosphere result from enhanced transport across the 70°N latitude circle, which appear

to be linked with anthropogenic greenhouse gas increases (Skific et al., 2009).

Net precipitation in the central Arctic will increase by about 40 mm yr* (16%),
with the largest change occurring in summer, and to a lesser extent in spring.
Thermodynamic factors are the primary driver in both seasons. As the Arctic continues to
warm, it is likely that this region will experience a more frequent occurrence of rain
rather than snow, particularly during summer, which will exacerbate the loss of sea ice,
permafrost, and low-elevation land ice. Consequently, not only will the added water
vapor in the atmosphere enhance the greenhouse effect in the Arctic (Francis and Hunter
2007), an increase in liquid precipitation will also act as yet another positive feedback to

the system to augment Arctic and global warming.

Net precipitation in the North Atlantic region, in contrast to the central Arctic,
will increase more in non-summer months, with largest increases in winter of about 55
mmyr! (18%). Thermodynamic effects are again the primary contribution, but changing
dynamics play a larger role than in the central Arctic. For example, the CCSM3 projects
an increased frequency in patterns characterized by a strong cyclonic feature near
Iceland, which tends to enhance precipitation in the N. Atlantic region. While the net
precipitation change in summer is small, results suggests that both precipitation and
evaporation increase, and that some of that additional moisture will likely be advected
northward, contributing to the thermodynamic increase in net precipitation in the central

Arctic.



127

Because the Arctic is characterized by a variety of climate interactions and
feedbacks resulting from a sensitive balance between the atmosphere, ocean, cryosphere
and biosphere, future increases in net precipitation could affect this balance in profound
ways. Also, because changes in the Arctic will likely affect the global climate, predicting
future changes in Arctic hydrology is essential for understanding both the magnitude and

guality of changein the entire system.
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Table 1.

REGION ERA-40 (cm/mo) CCSM 3 (cm/mo)
CENTRAL ARCTIC 1.76 2.06
NORTHATLANTIC 381 2.59

BARENTS SEA 134 1.30
KARA SEA 241 217
LAPTEV SEA 1.56 1.84
EAST SIBERIAN SEA 142 1.97
CHUKCHI SEA 115 2.42
BEAUFORT SEA 1.28 241

Table 1: Annual mean moisture convergence (cm mo ') averaged for various regionsin
the Arctic during the 20™ century from ERA-40 and CCSM3. Model values that are
significantly larger or smaller than those from ERA-40 at the 95% confidence level are
bold.




Table 2.

REGION

CENTRAL
ARCTIC

NORTH
ATLANTIC

BARENTS SEA

KARA SEA

LAPTEV SEA

EAST
SIBERIAN SEA

CHUKCHI SEA

BEAUFORT
SEA

SPRING
(MAM)
ERA-40 | CCSM
1.20 1.91
2.88 2.36
1.10 1.78
2.16 247
1.26 1.76
0.95 1.86
0.86 2.06
0.85 2.06

SUMMER
(JIA)
ERA-40 | CCSM
2.63 2.61
3.99 2.83
2.00 2.04
3.07 2.35
254 2.45
2.09 241
1.84 2.93
2.18 3.04

AUTUMN
(SON)
ERA-40 | CCSM
1.84 211
477 2.90
1.54 143
2.50 1.95
152 179
1.56 1.89
0.65 2.05
1.07 2,62

135

WINTER
(DJF)
ERA-40 CCSM
1.20 1.59
3.64 2.23
0.70 -0.07
1.96 1.98
0.91 1.35
1.06 1.70
1.25 2.59
0.83 251

Table 2: Seasonal mean moisture convergence (cm mo™) averaged for various regionsin
the Arctic from ERA-40 and CCSM3 during the late 20" century. Model values
significantly larger or smaller than that of ERA-40 at the 95% confidencelevel areindicated
with bold type.
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Figure 1: Long-term annual mean moisture convergence (cm mo™) for the 20"
century from (a) ERA-40 and (b) CCSM3.
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North
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Figure 2: Arctic regions analyzed in this study. The central Arctic is defined as the area
north of 75°N.
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Figure 3: Seasonal mean moisture convergence (cm mo™) for the 20" century
during spring (MAM), summer (JJA), autumn (SON) and winter (DJF); (a) ERA-
40 and (b) CCSM3.




Figure 4. Master SOM of sea level pressure patterns (hPa) derived
from daily SLP anomaly fields from CCSM3 (1960-1999, 2010-
2030, and 2070-2089), and from ERA-40 (1958-2001).
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Annual

Winter (DJF)

Figure 5: Frequency of occurrence of CCSM3 daily sea-level pressure
anomaly maps during the 20" century (top), winter (DJF, middle), and
summer (JJA, bottom). Frequencies represent the percent of days out of the
total number of daily fields that map to a particular SOM node. Black solid
(dashed) lines indicate frequencies that are significantly higher (lower) than the
expected value for the random binomial distribution with a confidence level of
at least 95%.
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Figure6: Moisture convergence anomaly fields (cm mo™) fromthe
ccsma 20" century corresponding to SLP clusters in Figure 4.
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Figure 7: Difference in frequency of occurrence of the CCSM3 sealevel pressure anomalies
between the late 21 century (2070-2089) and the 20" century (1960-1999). Black solid (dashed)
lines indicate differences that are significantly higher (lower) with a confidence level above 95%.
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Figure 8: Contours of cluster-averaged Figure 9: Differences in the cluster-averaged
moistureconvergence (cm mo'™) for the 20" moistureconvergence (M mo™) between
century from CCSM3, averaged for the pan- || the late 21 century (2070-2089) and the 20"
Arctic region (north of 60°N). century (1960-1999) from CCSM3, pan-
Arctic region (north of 60°N).
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Figure 10: Dynamic (top), thermodynamic (middle) and
combined dynamic and thermodynamic (bottom)
contributions to the difference in moisture convergence
[mm yr] in each cluster, between 2070-2089 and 1960-
1999, for CCSM3, pan-Arctic region (north of 60°N).
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Figure 11: Contours of cluster-averaged moisture convergence (CM mo
l) for the 20" century (1960-1999) from CCSM3 in the various regions of
the Arctic shown in Fig. 3.
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Figure 12: Differences in the regiona cluster-averaged moisture convergence (Cm mo’
1) from the 20" century (1960-1999) to the late 21 century (2070-2089) in CCSM3.
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Figure 13: Total change (blue) in regional moisture convergence (mm yr) in the
CCSM3 from the 20 century (1960-1999) to the late 21% century (2070-2089).
Contributions to the total change are aso displayed: dynamic (gray),
thermodynamic (red), and combined term (yellow).
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Figure 14: Difference in annual-mean moisture convergence (Cmmo™)
from the 20" century (1960-1999) to the late 21% century (2070-2089)in

CCsM3.
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Figure 15: Seasonal differences in frequency of occurrence of sealevel pressure anomalies
from the 20 century (1960-1999)to the late 21% century (2070-2089) in CCSM3: spring
(MAM, upper left), summer (JJA, upper right), fall (SON, lower left) and winter (DJF, lower
right). Black solid (dashed) lines indicate differences in frequencies of occurrence that are
significantly higher (lower) at the 95% confidence level.
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Figure 16: Total change in moisture convergence (mm yr) from the 20" century (1960-1999),to
the late 21% century (2070-2089) in CCSM3 (dark blue bar), and the portions of the change
occurring in each season (MAM, yellow; JJA, red; SON, green; DJF, blue) for the central Arctic
(Ieft) and north Atlantic (right). For each season, contributions to the total change by dynamics
(gray), thermodynamic (magenta), and combined term (dark red) are also shown.
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Figure 17: Seasonal differences in the North Atlantic cluster-averaged
moistureconvergence (cm mo™) from the 20" century (1960-1999), to
the late 21% century (2070-2089) in CCSM3.
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Conclusions

The focus of this study is to explore changes in physical processes that represent
potential drivers of Arctic climate change. If one thinks of the Arctic as a container with
the top at the top the atmosphere, bottom at the surface, and side defined by an imaginary
wall at 70°N, observations reveal that approximately 98% of the energy supplied to the
container comes from the transport across the wall from lower latitudes. This energy, in
addition to the small fraction from the surface on annual average, is lost to space in the
form of infrared radiation (Nakamura and Oort, 1988). Observations and model
simulations show that the Arctic responds sensitively to perturbations in the global
climate system. Recent decades of warming on the global scale (approximately 1 degree
Celsius since 1900) have been substantially larger in the Arctic (about 4°C). Asthe Arctic
warms more than the mid-latitudes of the northern hemisphere, an intuitive expectation
would be that poleward transport of heat would decrease. Concurrent with changes in
temperature, however, are changes in the atmospheric water vapor content and the
transport of that moisture. Until now, it has been unclear whether the transport of latent
energy, in the form of water vapor, would be large enough to offset the reduction in heat
transport. This unanswered question forms the hypothesis for the research presented in
this dissertation: Future changes in the poleward transport of latent energy will be larger
than the reduction in sensible heat transport, thus changes in total energy transport into

the Arctic will augment the amplified warming at high northern latitudes.

Regional and seasonal changes in Arctic poleward moist static energy and net

precipitation, as well as the mechanisms responsible for the changes, are presented
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through a conceptually appealing neural-network technique called self organizing maps,
introduced in Cassano et a. (2007). Given the rapid changes in the Arctic climate system
during recent decades, combined with uncertainties associated with many climate
feedbacks related to the reduction of snow cover and permanent ice forms, this technique
offers a valuable contribution toward understanding the relative attribution to changing
atmospheric circulation patterns, as well as the associated energy transport and net
precipitation. The mgor difference between the SOM and the traditional clustering
algorithms is the fact that not only the best matching centroid, but also all its neighbors
are adjusted toward the input data sample. Because of this updating scheme, the resulting
clusters become organized on a 2-dimensional array in such a way that more similar
clusters are placed closer together, while those less similar are farther apart, allowing a
more intuitive interpretation of patterns and their relationship to each other in the matrix.
State-of-the-art global climate-system models, such as the CCSM3 model used in this
study, are a valuable tool for assessing future changesin high latitudes.

According to this model run, moist static energy transport into high latitudes is
projected to increase by about 1.6% from its 20" century value over the next 100 years.
Thisis driven mainly by an increase in latent heat flux of about 20%, which responds to
an increased poleward moisture gradient. Dry static energy decreases by about 3.5% by
the end of the 21% century, in connection to a decreased poleward temperature gradient.
The response of individual components of energy to poleward gradients is revealed by
domination of changes in thermodynamic factors, which reflect changes in eddy
transports of energy. These eddies, or travelling disturbances, form as the system

attempts to establish thermodynamic equilibrium in a perturbed climate. The largest



151

increases (decreases) in poleward energy transport are projected to occur in the summer
(winter), as these two seasons exhibit opposite behavior in terms of projected changesin
the fluxes of DSE and LH. The summer increase in moist static energy arises from alarge
increase in the poleward moisture gradient during warm months combined with a weaker
Arctic amplification, which also leads to weaker DSE because ocean surface
temperatures are fixed near the melting point. During winter the LH increases as the
poleward moisture gradient increases in response to strong Arctic amplification, along
with a smaller decline in the DSE. An increase in energy transport due to dynamics,
related to more frequent occurrence of high latitude cyclones, is positive in all seasons,
but plays a secondary role.

Moisture convergence in most high-latitude regions is projected to increase
between 15-20%. The Kara and Barents Seas are the only regions in which evaporation
would likely exceed precipitation by the end of the 21% century owing to large losses of
the summer ice cover in these areas. Increased moisture convergence is mainly governed
by thermodynamics, which explains over 70% of the total change in the Arctic. Changes
in dynamics contribute to increased moisture convergence in the eastern Arctic and a
decrease in the western Arctic. The thermodynamic response of moisture convergence
involves increased moisture content of the atmosphere. Precipitating weather systems
feed on the moisture that already exists in the atmosphere, mostly through convergence of
moisture in the lower and middle troposphere in the vicinity of these disturbances.
Therefore, it is expected that the seasons in which these systems are most vigorous, or

most effective in precipitating, are seasons in which the increase in moisture convergence
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is expected to be most pronounced. This likely explains the resulting largest increases in
moisture convergence in the central Arctic (North Atlantic) to occur in summer (winter).
Several important aspects of the hydrologic response to warming in the Arctic
region are a direct consequence of the increase in lower-tropospheric water vapor. One
such response, as revealed from the analysis of the CCSM3 presented in this study, is an
increase in poleward energy transport, governed by an increase in poleward latent heat
transport. Reduction of dry static energy compensates for about 70% of the increase in
latent heat transport in the troposphere. Thisis consistent with Held and Soden (2006),
who analyze various model ensembles using the A1B or “middle of the road” scenario
and find that reductions in the sensible heat transport in high latitudes is driven mostly by

areduction in eddy transport.

One can speculate how the poleward energy transport may change once all the
summer (permanent) ice is lost. For example, a much larger increase in poleward energy
transport may occur in response to a weaker Arcticamplification, analogous to the
differences we see between the present-day summer and winter seasons. Graversen et al.
(2009) show, however, that Arctic amplification continues even when the ice-albedo
feedback is held constant in a model simulation. In their study, the polar amplification is
only 15% stronger when the ice-albedo feedback is included. They explain that polar
amplification occurs not only because of the direct changes in albedo as the ice cover
declines, but also because of indirect effects of warming in the lower levels of the

troposphere, such asincreased water vapor content, and cloud changes.

Another response to an increase in atmospheric moisture content in the Arctic is

an incresse in net precipitation. This study finds that by the late 21% century net
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precipitation is expected to increase by about 16%, which will likely affect high-latitude
vegetation, watershed ecosystems, and marine productivity near river mouths in the
Arctic Ocean. The increase in net precipitation would also likely affect the Arctic energy
balance through its effect on surface albedo. The sign of that change will largely depend
on the season and the type of precipitation. However, some recent studies (Lambert et al.
2008; Wentz et al. 2007) reveal uncertainties related to precipitation changes projected by
global climate models. These studies show that modeled precipitation increases (1-3%
per degree of global temperature change) depart significantly from the observed rates
(7% per K). This disparity is likely associated with aerosol and cloud changes that are not
captured redlistically in the models, pointing to a need for improved understanding and
parameterizations for these processes. Moreover, if state-of-the-art models are generaly
underestimating changes in precipitation as the globe continues to warm, actua
precipitation changes may be 2 or 3 times larger than expected (Lambert et al. 2008).
This would have serious consequences not only for the Arctic region, but for the entire
global climate system, as fluctuations in freshwater availability directly affects
agriculture, water resources, and consequently the global economy. In addition,
substantial changes in net precipitation would also call for new adaptation strategies and
faster implementation of new technology to ensure people are well prepared and their

property protected in case of extreme events.

A far greater source of concern regarding climate model projections stems from
the fact that SRES emission scenarios may have severely underestimated future
greenhouse gas emissions (Pielke et al. 2008). These authors describe China' s carbon-

dioxide emissions alone to be rising at a rate between 11 t013% per year for the period
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2000-2010, which is far higher than that assumed by the “worst-case” SRES scenario for
Asian emissions (2.6 to 4.8% per year). From that perspective, future climate changes

projected by the present climate models may be only a“mild” version of what lies ahead.
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