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demonstrate strong seasonality with winter and spring dominance. The results suggest 
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Abstract

Rapid melting of Arctic ice presents a significant positive forcing on the
global climate system, highlighting the need to understand the forces deter-
mining melting rates. Black carbon (BC) deposition on Arctic snow and ice
decreases surface albedo and increases surface and atmospheric warming, accel-
erating ice melt. BC is transported to the Arctic from the mid-latitudes. Stud-
ies have found a relationship between the North Atlantic Oscillation (NAO)
and northward BC transport, indicating more BC reaches the Arctic during
the positive NAO phase. This study revisits this hypothesis and explores the
role of the Pacific Decadal Oscillation (PDO) in Arctic BC deposition. New
research suggests the PDO and NAO are more closely related than previously
believed. To explore the relationship between PDO, NAO and Arctic BC, a
transient historical (1850-2008) simulation has been generated using the CAM-
Chem model. Two distinct PDO regimes, PDO+ and PDO-, were analyzed in
conjunction with the NAO. Results indicate the PDO has a minor individual
impact on BC, but the phase modulates the relative NAO role in BC transport
and deposition. The PDO generated positive reinforcement in horizontal and
vertical winds and precipitable water lead to changes in Arctic BC transport,
precipitation, and wet deposition rates, and the responses demonstrate strong
seasonality with winter and spring dominance. The results suggest transport
pathway dependence on the relative signs of the NAO and PDO, but further
study using explicit tracers is necessary for confirmation.
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1 Introduction

Many people imagine the Arctic as a pristine environment, but every spring a no-
ticeable haze hangs over the snow and ice ([26],[19],[9]). The haze is composed of
atmospheric pollutants typically found in industrial centers much further south: sul-
fate oxides, nitrous oxides, ozone, black carbon, and others ([19]). Black carbon (BC)
is of particular interest because it is both an air pollutant and a radiatively active
species with an impact on regional and global climate. Airborne BC absorbs infrared
radiation emitted by the surface and reemits it to the surrounding environment, and
hence acts as a greenhouse gas. More importantly, BC is ultimately deposited on the
surface, where its characteristic dark coloring causes a significant decline in surface
albedo ([19]). BC also has an indirect warming effect by enhancing the formation
of high altitude clouds, which provide a positive climate forcing ([26],[19],[9]). BC
transport to the Arctic therefore enhances surface and atmospheric warming, ac-
celerates ice melt, and contributes to the rapid warming of the Arctic ([19]). The
dominant transport mechanisms have been explored ([26]). However, knowledge of
interannual variability is less well understood.

Long term trends in BC can be linked to changes in biomass burning and indus-
trial and commercial emissions ([9]). The seasonal cycle is likewise understood: BC
concentrations fall in the summer when transport is weaker and removal mechanisms
are more effective ([9]). Population centers of northern Europe contribute the most
pollutants in the winter because they are often contained within the Arctic dome, a
wintertime potential temperature front that inhibits meridional transport ([26], [19]).
Wintertime transport of BC from northern Europe typically occurs quickly and at
low altitudes, allowing air to cool as it passes over the cold continental land mass
([26]). In the summer, the boreal forest fires in Siberia and transport over the cool
North Atlantic are the largest contributors ([26]). North America does contribute a
significant amount, but the only frequent transport route is inefficient: ascent, up-
per level transport, and ultimate slow sinking into the Arctic ([26]). European and
Siberian contributions were previously considered the largest annual sources of Arc-
tic BC, but in recent years emissions from Asia are increasingly reaching the polar
north ([16]).

There is, however, much uncertainty regarding interannual variability of Arctic
BC. Previous researchers have found evidence that the North Atlantic Oscillation
(NAO) plays an important role in seasonal transport of other chemical tracers to the
Arctic ([6]). Eckhardt et al. (2003) found carbon monoxide (CO) was transported to
the Arctic 70% more effectively during positive phases of the NAO versus negative
phases. Transport from Europe, North America, and Asia were all enhanced during
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positive NAO cycles ([6]). Eckhardt et al. (2003) found that the difference between
transport during positive and negative phases of the NAO was driven mainly by
enhancement of the low altitude European transport route described previously. This
enhancement was a result of stronger poleward winds, which carried more pollutants
northward, and by a geographic shift in the transport pathway towards cooler inland
regions ([6]).

These previous researchers have demonstrated the important role of one regional
climate oscillation, the NAO, has on chemical transport to the Arctic. However, the
work on this topic to date has focused almost entirely on the NAO, and the possible
interactions with other climate modes have been neglected. Until recently, it made
sense to examine the role of the NAO in isolation. However, recent research provides
evidence of the interconnectedness of the NAO and other climate oscillations ([3]).
Chen et al. (2010) decomposed 154 years of monthly global sea surface temperature
(SST) data. SST data was used because of its driving role in the thermodynamics
of the ocean-atmosphere climate system ([3]). Using novel numerical techniques,
they were able to extract multiple regional and large scale modal patterns in SST.
These modes occurred at seasonal to centennial time scales, and many corresponded
to previously acknowledged climate variability modes such as the El Nino Southern
Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), the NAO, and others
([3]). Chen et al. (2010) argue that tropical (e.g. ENSO) and extratropical (e.g.
PDO, NAO) variability modes operate separately, although there are similarities
within each group. Fig. ?? (reproduced from Chen et al, 2010) shows the energy
associated with interdecadal oscillations (IDOs) in SST. There are two regions of
maximum IDO energy: one in the northern Atlantic and one in the northern Pacific,
near the action centers of the NAO and PDO respectively ([3]). These oscillations
may be more closely related than previously believed ([3]).

Chen et al. (2010)’s research provides a powerful motivation for examing the role
of the PDO in BC transport to the Arctic. Eckhardt et al. (2003) and Gong et al.
(2010) both demonstrated a strong relationship between the NAO phase and Arctic
BC concentrations. If the NAO and PDO are related in the larger climate system
([3]), then it is necessary and proper to explore the relationship between the PDO and
Arctic BC. Moreover, there is increasing need to understand transport in the Pacific
basin as more Asian emissions reach the Arctic ([16]) Whereas past deposition was
dominated by European emissions and transport in that region, future deposition
will likely depend much more on Asian deposition and its transport. If a relationship
does exist between the PDO and Arctic black carbon, and becomes understood, then
scientists will have a better understanding of BC interannual and interdecadal vari-
ability. This may enable more accurate prediction of future responses to changes in
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the climate system. It is also possible to explore other possible drivers of interannual
variability.

The present research will explore the role of both the PDO and NAO on BC
column concentration and depositionin the Arctic (north of 60N) to determine if
these oscillations makes a significant contribution to the interannual variability of
Arctic BC. Relationships between the PDO and NAO signals in the climate system
will be considered to explore if these individual signals display similarities or dif-
ferences, and whether seasonal interactions between the NAO and PDO influence
Arctic black carbon. Moreover, the present study seeks to improve our confidence
in the causal relationship between these large scale climate oscillations and BC de-
position in the Arctic. Previous researchers have relied on local significance and
regression analysis, but the present work will use global significance analysis to seek
a more robust understanding of causality. Thus, this study aims to explore the ef-
fect sof the Pacific Decadal Oscillation and North Atlantic Oscillation on Arctic BC
concentration as well as improving our confidence in the degree of causality of the
observed relationships. Finally the results will be interpreted in light of Chen et al.
(2010)’s suggestion of NAO-PDO relatedness to determine if these climate modes
exhibit similar features.

2 Methods

2.1 Model Description

The Community Atmosphere Model version 3.5 (CAM 3.5) was modified to include
interactive chemistry with feedback to the radiation calculation in the model; this
modified model has become known as CAM-Chem. In 2009, CAM-Chem was used
to generate a single transient simulation over the period 1850-2007 which is used as
the basis for this study. CAM-Chem includes a global grid at resolution 1.9 degrees
latitude by 2.5 degrees longitude with 26 vertical hybrid levels, from the surface
up to ≈40km. The integration time step is 30 minutes, and model output is avail-
able for each month of the simulation. The interactive chemistry component of the
model uses a chemical mechanism formulated to provide an accurate representation of
tropospheric chemistry ([18]). CAM-Chem includes a limited representation of non-
methane hydrocarbon chemistry in addition to methane chemistry from Houweling
et al. (1998). The conversion of organic carbon (e.g. black carbon) from hydrophillic
to hydrophobic is assumed to take place within a fixed 1.6 days following emission.
This conversion time is an estimate of a variable parameter that in reality depends
on multiple meteorological and chemical processes, and is similar to figures used by
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other authors ([4]).

2.2 Input Data

At the lower boundary, the CAM 3.5-Chem model simulation uses the monthly-mean
time-varying sea surface temperatures (SSTs) and sea-ice distributions from a 20th
century fully-coupled (ocean-atmosphere-ice) simulation of the Community Climate
System Model (CCSM) from Meehl et al. (2008) extending from 1850 to present;
sea ice and SST between 1850 and 1870 are assumed to be the same as 1870. The
model employs a historical record of black carbon anthropogenic emissions derived
from Bond et al. (2007) and Junker and Liousse (2008). The emission factors for the
inventories from these two studies and the studies they reference were harmonized
for the year 2000. Biomass burning emissions were based on the RETRO inventory
([25]), the GICC inventory ([23]) and the GFEDv2 inventory ([27]). The model uses
aircraft emissions of BC calculated using the FAST model ([20]) using the emission
factors developed from Eyers et al. (2005) for the years 2001-present. Historical
aviation emissions (1940-2000) are extended from Sausen and Schumann (2000).
Aviation emissions decay from 1940 to 1910 and are assumed zero before 1910.

2.3 Analysis

2.3.1 Derived Model Output

CAM-Chem outputs monthly gridded values of BC surface flux and deposition rates.
BC deposition is computed as the sum of the dry deposition of hydrophillic and hy-
drophobic BC and the wet deposition of hydrophillic BC (as hydrophillic BC cannot
undergo wet deposition). Surface flux is computed as the sum of hydrophillic and
hydrophobic BC fluxes. CAM-Chem also outputs three dimensional fields of BC
(hydrophobic and hydrophillic) concentrations (kg/kg) in the atmosphere. Column
total BC was calculated as the vertical pressure-weighted integral of BC concentra-
tion normalized by the gravitational constant to provide total column mass per area.
This calculation assumed hydrostatic balance, a reasonable assumption on monthly
timescales; see [14] chp 1,2 for details.

Monthly and seasonal values of the NAO and PDO climate indices are derived
from the CAM-Chem simulation output. The NAO index is computed as the nor-
malized principal component of the principal component analysis (PCA) of sea level
pressure (SLP) field in the Atlantic Ocean (20N:80N, 90W:40E). The PDO index
is similarly defined as the normalized principal component of the PCA of the SST
anomaly field in the Pacific Ocean (20N:70N, 110E:260E). The PCA approach is
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preferable to a more common station-based calculation because the signal is less
noisy and more robust ([11]).

The method of PCA is designed to extract a set of vectors from a larger array
such as a field of SST or SLP. The extracted vectors, or principal components, by
definition capture the largest portion of the overall variability in the larger array. The
PDO, for example, is the vector or time series that captures most of the variability
in SST in the Pacific basin. To obtain the portion of the initial field represented by a
principal component, the anomaly of the initial field is projected onto the principal
component using inner products ([13]). A more detailed discussion of PCA can be
found in [13] and [15].

Fig 2 and 3 show the NAO and PDO signals, respectively, calculated from PCA.
The NAO modeled signal compared very well with the observed NAO signal (ob-
servational data available at http://www.ncl.ucar.edu/Applications/Data/) in sign,
strength, spatial extent, and portion of variability explained by the first principal
component. The PDO modeled signal compared moderately well with the observed
PDO described in [1]; the magnitude, extent, and variability explained compare very
well over land, but the magnitude over the ocean is weaker than in the observational
dataset. However, the sign of the modeled PDO was negated relative to the ob-
served PDO. This is not a significant concern given the nature of PCA ([13],[15]).
The interpretation of the data, however, should reflect the physical response in the
climate system; that is, the precipitation and temperature fields associated with pos-
itive PDO in the real observed climate should determine the sign of the PDO in the
modeled climate. In the model, the climate signals associated with modeled PDO
negative corresponded to the real climate signals associated with real PDO positive.
Bear this in mind while considering the analytic results. We wish to stress that this
negation is primarily a matter of nomenclature and not substance.

2.3.2 Correlation Tests

The relationships amongst PDO, NAO, and several other variables were analyzed.
BC was considered as a column total to gauge the role of remote transport, and as
surface deposition rate to gauge the role of local effects. Emissions and climate vari-
ables were regressed on BC column and total, using Pearsons correlation coefficient
as a measure of single variate linear correlation. To consider the role of BC sources,
we examined surface emissions, which are the total of anthropogenic emissions from
commercial activity and biomass combustion. Our methods did not discriminate
between different sources of BC.

Factors reflecting climate variability were also studied; these included precipita-
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tion, surface temperature, total precipitable water, and horizontal, vertical winds,
and height fields at several levels in the atmosphere. Emissions and climate vari-
ables were each averaged over Europe, Asia, and North America to consider the
role of these regions. The geographic extents of these regions are specified in the
table below. Correlations were calculated on data segmented into seasons winter
(December-January-February or DJF), spring (March-April-May or MAM), summer
(June-July-August or JJA) and autumn (September-October-November of SON).
This report focuses on the most significant relationships; additional plots can be
obtained by request.

Region Latitude Bounds Longitude Bounds
Europe 36N:65N 22W:60E
Asia 10N:60N 55E:145E

N. America 20N:56N 130W: 60W

2.3.3 Composites

In any given month, the PDO and NAO could range from -3.0 to 3.0; many of these
values were close to zero and therefore did not represent a significantly positive or
negative mode of the index in question. Inclusion of many near-zero terms tended
to dilute the influence of either index on Arctic BC. Likewise, very large positive or
negative values introduced undesirable skew into the dataset. To minimize the effect
of small and large values, composite plots were constructed to focus on values of the
NAO and PDO that were significantly positive or negative but not so large as to skew
the data. A simple scheme was used to select the data that corresponded to desirable
values of NAO or PDO. For NAO+ or PDO+ composites, data (e.g. precipitation
data) was retained and averaged if the corresponding index was within the range 1.0
plus or minus one standard deviation of the positive index values. Likewise, NAO- or
PDO- composites included only those data for which the index was within the range -
1.0 plus or minus one standard deviation of the negative indices. Standard deviations
were calculated separately for positive and negative indices to account for a recent
trend towards more positive NAO ([5]), since if there are overall fewer negative values
with the same range, the standard deviation will be larger and more will be included
in the composite, which offsets the influence of more numerous positive values.

Double-composite plots were obtained in a similar fashion. To consider the com-
bined climate signal associated with, say, PDO- and NAO+, data were retained and
averaged if and only if both the corresponding PDO index was within the range
-1.0+/- stdev(all PDO < 0.0) AND the corresponding NAO index was within the
range +1.0 +/- stdev (all NAO > 0.0). This process selected for data (e.g. precipi-
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tation) reflecting a both significant signals of NAO and PDO.

2.3.4 Spatial Correlation: Local and Global Significance

At each grid point, a predictor variable (for example, average European emissions)
was regressed onto column total BC and BC deposition and Pearson’s correlation
coefficients were calculated. The predictor was plotted if the correlation coefficient
was greater than a selectable confidence level. Plots were made according to each
season, predictor, and phase of NAO and PDO.

Unfortunately, in a gridspace of several hundred points, some will show local
significance by pure chance. The confidence in conclusions drawn from such a plot
will be overstated, a problem known as field multiplicity ([28]). Previous work has
simply plotted according to local significance, ignoring the problem of field multiplic-
ity ([6]).The methods of Benjamani and Hochberg (1995) are used to minimize the
multiplicity problem by controlling the false discovery rate (FDR), the proportion
of local regressions that seem significant by randomness alone. Consequently, we
are able to confidently state whether the whole field (or a geographic region) of a
variable is in fact a good predictor of Arctic BC deposition.

3 Results

Surface emissions from Asia and Europe, coupled with wind patterns conducive to
northward transport, were found to be the most important factors influencing Arctic
BC column concentration and surface deposition. This was true regardless of the
phase of the NAO or PDO. Regional surface temperature and precipitation were
individually found to have a moderate to weak impact. NAO had a moderate effect,
whereas PDO had a weaker impact. The most interesting results were modeled
when the NAO and PDO were in or out of phase with one another or themselves.
Particularly, when the PDO was in a negative phase (hereafter PDO-), NAO had
an enhanced effect on Arctic BC. This effect can be understood in terms of the
precipitation and surface temperature response when PDO- and NAO- or when PDO-
and NAO+. PDO also had an enhanced effect on Arctic BC under PDO-, which is
an interesting result but requires little additional analysis.

These results will first focus on surface emissions and winds to explicate the role
of source regions and long range transport, without regard to NAO or PDO. Next
we explore the effects of winds, precipitation, and factors influencing precipitation
in the context of PDO and NAO separately. We then consider PDO- together with
NAO+ versus NAO- and how these phases related to BC column concentration, wet
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deposition, and dry deposition. Finally we return to surface temperature, winds, and
precipitation, considering each under PDO- with NAO+ and NAO-, to investigate
why BC varies under these conditions.

3.1 Surface Emissions and Winds

Both column total BC (BCcol) and surface deposition rate (BCdep) in the Arctic
were most closely related to regionally averaged surface emissions from Asia and
Europe. North American emissions were poorly correlated with either BCcol or
BCdep in the Arctic (figs ??, ??) and will not be discussed further.

Fig 6 and fig 7 show the value of R2 when average Asian emissions are regressed
on the fields BCcol and BCdep, respectively. The results were strikingly similar for
BCcol and BCdep for each region, suggesting the deposition field was dominated
by remote transport of BC into the air column. The following focuses on BCcol
for simplicity. The model showed a distinct gradient of R2 values extending from a
maximum (R2 >0.9) in the Gulf of Alaska decreasing to zero in southern Greenland.
This gradient was present in all seasons, with some seasonal variations. In the winter
and autumn (DJF and SON), the influence of Asian emissions covered the length of
Greenland and showed a strong banded pattern. In spring (MAM) the pattern was
distinct but didnt extend as far, and in summer (JJA) the pattern was less organized
and not as extensive.

The wind field at 800mb is overlain in fig 6 and helps explain the seasonal vari-
ability. As air travels into the Gulf of Alaska, it turned northward and traveled into
the Arctic Circle; however in JJA, the wind remained predominantly zonal and there
was less incursion of Asian BC into the Arctic. In SON and DJF, the air that entered
the Gulf of Alaska regained some zonal velocity over northern Canada, helping to
carry BC around the Pole into southern Greenland; in MAM this zonal component
was weaker and hence Greenland was less effected. A very similar result was observed
with 500mb and 200mb winds (not shown).

Fig 8 and fig 9 likewise show the value of R2 when average European emissions
are regressed on the fields BCcol and BCdep, respectively, with the 800mb wind field.
European emissions generally showed a weaker relationship to BCcol and BCdep in
the Artic (R2 <0.5) than Asian emissions, and the influence of European emissions
was concentrated between 0 and 90 degrees East. Seasonally, R2 values were highest
in DJF and MAM, weaker and less organized in SON, and weaker with less extent in
JJA. European emissions had a weaker relationship BCcol and BCdep in Greenland
(R2 ≈ 0.2) when compared with Asian emissions, but the relationship existed over a
larger extent in every season except JJA.
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The European contribution to Arctic BC was likely aided by a low level (800mb,
fig 8) wind field that turned subtly northward north of central and eastern Europe,
downwind from many population centers. The flow aloft (200mb and 500mb, figs
11, 10) was primarily zonal and less conducive to transport into the Arctic. This
low level flow pattern was present in winter and spring but mainly absent in fall
and summer, which is consistent with the weaker relationship between European
emissions and BCcol, BCdep in these warmer months.

Retrograde flow in the North Sea (near Iceland) coupled with northward flow
over Greenland provided another transport pathway for European emissions to reach
Greenland and points north. This Icelandic retrograde motion was visible at 800mb
and 200mb (figs 8, 10). Northward flow over Greenland appeared at 800mb, 500mb,
and 200mb (figs 11,8, 10) and was especially strong at 500mb. BC from Europe
caught in this airflow would be transported east and then north into the Arctic; if
lofting occurred along the way, the northward transport would happen even faster.
The retrograde motion near Iceland was not visible in JJA, which helps explain the
weaker relationship between European emissions and BCcol, BCdep in the summer-
time.

3.2 NAO and PDO: Surface Temperature, Precipitation,

and Wind Composites

The following analysis considers the Northern Hemisphere north of 30N where me-
teorological conditions influence transport and deposition along BCs route towards
the Arctic.

3.2.1 Surface Temperature

NAO Fig 12 shows the difference in average surface temperature between NAO+
and NAO-. In wintertime (DJF), a positive phade of the NAO was associated with
1-4 degree K cooler surface temperatures across northern Europe and northern Asia
(0-140 deg East), primarily over land. Greenland was 1-4K warmer and the Great
Lakes area was 1-2K cooler under NAO+ during the winter season. In the spring
(MAM) under NAO+, a larger portion of North America was 1-2K cooler, Greenland
was only 1-3K warmer, and the colder area in Eurasia had shrunk in extent (30E-
130E) and magnitude (1-3K). Alaska was 1-2K warmer during NAO+ in MAM. The
JJA temperature difference was weak and patchy. SON showed an area in northern
Asia (60E-120E) cooler during NAO+ by 1-3K, and Greenland warmer by 1-3K.
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PDO Fig 13 plots the difference in average surface temperature between PDO+
and PDO-. During periods of PDO+ the northwestern US, Canada, and Alaska are
cooler in all seasons except summer. The cool difference had the greatest extent
and magnitude (1-5+K) in DJF. It was smaller and weaker (1-5K) in MAM, and
reduced further in size and magnitude (1-4K) in SON. The signal was absent in JJA.
During PDO+ during MAM, central and northern Asia are somewhat warmer (1-
2K) compared to PDO-, and Greenland was 1-2K cooler. In JJA during PDO+, the
midlatitude Pacific Ocean was cooler by 1-3K.

3.2.2 Precipitation

NAO Fig 14 shows the composite difference in precipitation between positive and
negative phases of the NAO simulated by Cam-Chem. When the NAO is negative,
there was increased precipitation across southern Europe, extending into the Atlantic
(0.02-0.08 *10−6 m/s) and a decrease in northern Europe (0.01-0.07*10−6 m/s) that
was greatest (0.07- 0.1+ *10−6 m/s) in the North Sea. There was an increase in
precipitation under NAO+ on the southeast portion of Greenland and in the midlat-
itude Pacific (0.02-0.07 *10−6 m/s). The pattern in MAM was similar to DJF with
similar magnitude differences but generally contracted regions effected by the phase
of the NAO. In SON the pattern was beginning to redevelop after JJA in which the
signal had mainly dissolved although the warmer band across Europe was present in
northern Europe in a weaker form.

PDO Fig 15 plots the composite difference in precipitation between positive
and negative phases of the PDO. The signal is again most prominent in the winter,
when under positive PDO the Atlantic, Pacific and western Canadian coast received
0.07-0.1+ *10−6 m/s less precipitation. Europe also received less precipitation (0.01-
0.04*10−6 m/s). The east and west coasts of the US received 0.02-0.05+*10−6 m/s
more precipitation during PDO+ versus PDO-. There was somewhat more precip-
itation in the North Sea (0.02-0.05*10−6 m/s). The pattern of differences was very
similar in MAM but the magnitudes of the differences were generally 0.02-0.03*10−6

m/s smaller. Similar to the NAO, by summertime the PDO signal for differences in
precipitation was mostly absent, and the negative difference that had been in south-
ern Europe had migrated northward. By SON, the wintertime pattern was swiftly
redeveloping.
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3.2.3 Winds

Recall that the background mean flow field for all years (figs 8,11,10) included a
pronounced northward flow in the Gulf of Alaska, a mild northward component in
north central Europe, a slight low level retrograde flow in the North Sea, and generally
northward flow over Greenland. These features were visible in every season but JJA,
when zonal air flow dominated at most every latitude and vertical level. Wind
velocities are very low in the Arctic during all seasons. The modeled differences in
air flow for positive versus negative phases of the NAO and PDO are superimposed
on the background mean flow. Positive differences in zonal flow indicate either faster
westerly flow or weaker easterly flow (e.g. less negative), whereas positive differences
in the meridional wind indicates a tendency for faster northerly winds or weaker
southerly winds (e.g. less negative). For context, the meridional wind speed ranges
from 0-10 m/s at each level, whereas the maximum zonal wind speed increases with
height from 20m/s at 800mb to 30m/s at 500mb and 50m/s at 200mb.

NAO At 200mb with NAO+, the northward flow in north central Europe was
enhanced by 2-4m/s in MAM; meridional flow in northeastern America was similarly
enhanced(fig 16). Meanwhile the meridional wind in the western and northern At-
lantic, northern Asia, and western Americas were all diminished by 2-4m/s in MAM.
Greenland had but slight differences except in JJA when NAO+ was associated with
a slackened northward wind(fig 16). A very similar pattern of differences was simu-
lated for each of the other seasons, including JJA. In DJF and SON, enhancements
were typically 1-3m/s while decreases were less, 0-2m/s(fig 16). In JJA the signal
was very weak, with differences from 0-2m/s in each region(fig 16). The order of
precedence for the magnitude of differences was MAM-DJF-SON-JJA.

The most striking feature with NAO+ was a significantly more negative zonal
wind in the North Sea, during all seasons and at all levels. This region already
experiences retrograde flow under the mean condition, and can be expected to be
even more negative when the NAO was in a positive phase. At 200mb, the zonal
winds were 2-8m/s less with NAO+ in a band from 50N-80N(fig 17). This differences
was similarly large at 500mb and 800mb(fig 22,23). In contrast, the zonal winds were
greater in a band from 30N-50N with NAO+ (4-8m/s at 200mb, 3-4m/s at 500mb,
0-3m/s at 800mb) (figs 22,23). In terms of seasonality, the signal was most prominent
in MAM, followed by DJF, SON, and JJA. The signal was maintained, albeit much
less prevalent, during the summer months.
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PDO At 200mb with PDO+, the northward flow in the Gulf of Alaska was
weakened by more than 5 m/s in DJF and by 3-5 m/s in MAM and SON (fig 18).
The primarily zonal JJA flow in This region was unchanged. The winter, spring,
and autumn flow in the US, which was mainly zonal, had an enhanced meridional
component (by 3-4 m/s in DJF) while the mainly zonal flow in the Atlantic had
a diminished meridional component (by 1-4 m/s in DJF) (fig 18). Under PDO+,
central Europe experiences 1-3m/s weaker northerly winds at 200mb for each season
except summer, while western Europe had 1-3m/s stronger northerly winds during
the same seasons. The order of precedence for the magnitude of differences was
DJF-MAM-SON-JJA.

The 200mb differences in zonal flow between PDO+ and PDO- were less extensive.
The midlatitude Pacific Ocean shows the largest difference, a 6-10m/s diminished
westward velocity when PDO was positive in the springtime (fig 19). A similar
signal was simulated for DJF and SON, albeit 1-2 m/s less of a difference for SON;
the signal was reversed in sign and lower in magnitude for the months JJA (3-5m/s
faster for PDO+) (fig 19). In the Gulf of Alaska, the 200mb zonal wind was enhanced
by 4-8m/s during springtime with PDO+, and by 2-5m/s in DJF and SON; This
signal was likewise reversed and weakened (-2- -4m/s) in JJA under PDO+ (fig 19).
For all seasons, the mean zonal wind in Europe was diminished by 2-4 m/s when
PDO was positive. The order of precedence for the magnitude of differences was
MAM-DJF-SON-JJA (fig 19).

The PDO+ - PDO- signal was remarkably similar in spatial extent and seasonality
at 500mb and 800mb. However, the magnitude of the differences was commensurate
with the background wind flow at each level. See appendix for these figures.

3.3 BC Column Total: Influence of NAO and PDO, Sepa-

rately and Together

When the timeseries of the PDO and NAO were regressed individually on the fields of
BC column and deposition, using all simulated years, the resulting correlations were
exceptionally weak across the northern hemisphere (see figs 24, 25 for examples). The
NAO showed a mild correlation (R2 <0.4) near Britain, but little elsewhere. NAO
and PDO were then segregated such that only values close to +/- 1 were selected
(identically to the composite plot processing). NAO showed a stronger relationship
to BCcol during periods of significant NAO+ (fig 26) but the spatial extent was
limited.

PDO likewise showed a stronger relationship to BCcol in larger regions when
the years with indices near zero were discounted; this was true for both PDO+ and
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PDO-, and more true for PDO- (figs 27,28). In the Arctic near the Gulf of Alaska,
between 150W-180W, PDO showed R2 values from 0.2-0.5– but only during summers
when the PDO was negative.

The most striking result was the relationship between NAO and BCcol and its
dependency on the phase of the PDO. NAO was segregated based on the value of
PDO during that year, such that the NAO and BCcol values were only included if the
corresponding PDO value was near +/- 1. When the PDO was significantly positive,
the NAO showed a stronger (R2>0.4), more spatially and seasonally persistent rela-
tionship to BCcol over Greenland (fig 29), mainly in MAM but detectable in other
seasons. When PDO was significantly negative, the NAO showed a relationship to
BCcol in northern Siberia that was not present otherwise (fig 30) in DJF and some-
what in MAM. In the difference (fig 31), NAO has a stronger relationship to BCcol in
the Arctic between 120W-60E (north of Siberia) particularly in DJF and secondarily
in MAM, with a small signal present in SON. When PDO was significantly negative,
NAO also showed an enhanced relationship with BCcol over much of Greenland in
MAM; this enhancement was weakly present in DJF and SON, and was present over
Iceland in JJA.

The analysis shall hereafter focus on NAO under PDO- and under PDO+ to
examine the impact on wet and dry surface deposition. This includes an investigation
of weather conditions when NAO is positive versus negative with PDO+ at all times,
and when NAO is positive versus negative with PDO- at all times. The former
analysis, NAO with PDO+ will focus on Greenland in MAM where NAO is likely
to have a much more significant effect on BC under PDO+. The latter analysis will
focus on northern Siberia (120W-60E) in DJF and MAM, for similar reasons.

3.4 BC Surface Deposition: NAO with PDO+ or PDO-

For context, the total deposition in the Arctic is on the order of 10−13. The differences
associated with positive or negative phases of the NAO were on the same order of
magnitude, both when considering NAO in isolation or alongside the PDO. The
focus is on NAO with PDO because of the enhanced likelihood of the differences
being observes in this scenario. The Arctic differs from the midlatitudes in that dry
and wet deposition occur on the same order of magnitude ([16]).

3.4.1 PDO+ with NAO+/-

When PDO was positive and NAO was positive, total surface deposition of BC in
Greenland in MAM was 0.6-1.2*10−13 kg/m2s greater than when PDO was posi-
tive and NAO was negative (fig 32). The majority of the change in total deposi-
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tion was due to changes in wet deposition. With NAO-, precipitation was 0-16+
*10−13 kg/m2s greater than under NAO+ in Greenland. Differences in dry deposi-
tion contributed to the overall change, but at an order of magnitude less (0-8+*10−14

kg/m2s). The spatial distribution of phase-related deposition difference was likewise
more similar for total and wet deposition than for total and dry deposition, further
suggesting that changes in wet deposition are driving the overall difference in total
BC deposition.

To understand the differences in wet deposition, we examine associated differ-
ences in precipitation and the factors contributing to precipitation. Considered in
isolation, a negative phase of the PDO was associated with 0-5 10−8 m/s more precip-
itation over Greenland (fig 15), while a positive phase of the NAO was also associated
a similar increase in precipitation (fig 14). Both signals were present especially in
southern Greenland in MAM, though there was not a perfect match. As expected,
the combination of PDO- and NAO+ showed mainly a reinforcement of the com-
mon signal, and most areas of Greenland experienced greater precipitation(fig 35).
However the reinforcement was not universal, particularly in southeast Greenland.
Considering vertical motion (ω) and precipitable water (PW) in the atmosphere,
two important factors in precipitation formation, positive reinforcement between the
individual NAO and PDO signals was modeled for PW (figs 36,37) and ω at 200mb
(figs 40,41) and 800mb (figs 38,39). However, the ω signals opposed each other in
southeast Greenland at 500mb; this is consistent with the modeled signal in pre-
cipitation and wet deposition. Unfortunately it is not immediately clear why ω at
500mb is lower for NAO+ without knowing more about the adiabatic and diabatic
processes that accompany the simulated signals.

3.4.2 PDO- with NAO+/-

When the PDO is in a negative phase and the NAO is in a negative phase, there
was enhanced surface deposition of BC in the Arctic between 30E and 90E (16-
40*10−13 kg/m2s) (fig 42). For the same conditions, deposition was lower between
20E and 20W than when PDO was negative but NAO was positive (8-40*10−13

kg/m2s) (fig 42). These signals were mainly confined to MAM and DJF. Differences
in wet and dry deposition both contributed to the total difference in deposition (figs
43,44). However the greater magnitude of the difference in wet deposition showed
that although wet and dry deposition in the Arctic were similar in absolute terms, the
changes associated with the phase of NAO and PDO were dominated by differences
in wet deposition.

We examined the precipitation field for PDO+NAO+ - PDO+NAO- to explore
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how individual differences in precipitation and related factors for NAO and PDO may
have been enhanced or opposed to each other. There was moderately good agreement
between increased wet deposition (16-40*10−13kg/m2s) during NAO- and increased
precipitation (1-3*10−8m/s) during NAO- in the region 30E-90E (fig 35). The agree-
ment was better during MAM than DJF. In MAM and DJF in the region 30E-90E,
the combined precipitation signal agreed well in spatial extent and magnitude with
the precipitation pattern induced by NAO alone wherein there was 0.1-0.4 *10−7m/s
less precipitation during NAO+ (fig 35). The influence of the PDO alone in this
region is mild and mixed, such that the total precipitation signal mainly reflects the
NAO+ precipitation signal. However, a closer examination of PW and ω revealed
that the PW and vertical motion at 800mb,500mb, and 200mb associated with a
negative phase of the PDO (figs 37,39,46,41) were consistent with enhancement of
the PW (fig 36)and ω (figs 38,45,40) present with a negative phase of the NAO. So
although the precipitation signals did not directly enhance each other, the meteo-
rological conditions associated with PDO- were conducive to enhanced precipitation
with NAO- in the region 30E:90E.

In the region 20E:20W during the winter and spring, precipitation was diminished
during a negative PDO, but this signal was overwhelmed by a larger precipitation
enhancement during a negative NAO (fig 35). Although the PDO- signal tended
towards less precipitation in this region (fig 15), it was accompanied by enhanced
vertical motion at 800mb (fig 39) that helped support greater precipitation, wet
deposition, and total deposition when PDO was negative and NAO was negative in
20E:20W.

3.5 Remote Transport with PDO+ with NAO+/- and PDO-

with NAO+/-

Similarities in column concentration and hence remote transport with PDO+ with
NAO+/- and PDO- with NAO+/- demand that they be discussed together, but
presents challenges in understanding the dynamical factors leading to their similarity.

With PDO+, NAO+ was associated with decreased BCcol in most of the eastern
hemisphere Arctic in DJF (2-10*10−7kg/m2) and with increased BCcol in the north-
ern Atlantic and North Sea (2-10*10−7kg/m2), particularly during MAM and DJF
(fig 47).

With PDO-, the BCcol signal was very similar to that shown by PDO+ with
NAO (fig 48). When the PDO was in its negative phase, NAO+ was associated with
decreased BCcol in most of the eastern hemisphere Arctic and with increased BCcol
in the northern Atlantic and North Sea. The signal was pronounced in MAM and
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secondarily in DJF.
The mechanisms for increased transport to Greenland were fairly straightforward.

Recall from previous analysis that NAO+ was associated with intensified retrograde
zonal flow around Iceland and somewhat weaker northerly flow over Greenland. This
would imply more BC transport westward from Europe to Greenland, but less north-
ward transport out of Greenland to points further north. Some of the increases in
Greenland will still move northward, but perhaps not a considerable amount. This
is consistent with increased column concentration in Greenland but smaller changes
northward, which was simulated for NAO+ with both PDO- and PDO+. The PDO
acting alone had very small effects on the wind field in the north Atlantic, so it
is unsurprising that the phase of the NAO overwhelmed the phase of the PDO in
determining transport from Europe to Greenland.

The mechanisms for decreased transport to the eastern hemisphere Arctic were
more complex. Recall from previous discussion that PDO+ was associated with
strongly diminished zonal flow over the central and northern Pacific and weaker
meridional flow into the Gulf of Alaska. BC emissions from Asia traveling along this
route would do so much less quickly and efficiently during PDO+, and much more
efficiently with PDO-. Considering only changes in remote transport, we would ex-
pect more BC to reach the eastern hemisphere Arctic with PDO-. Meanwhile, NAO-
was associated with enhanced northward flow in northern Asia, which should also
increase transport of BC into the eastern Arctic. The modeled results, showing de-
creased BCcol in most of the eastern Arctic with NAO+ and PDO+/-, are consistent
with NAO+, and with PDO+ but not PDO-. This suggests that the net effect on
long range transport is determined more by NAO than by PDO, and it is surprising
that the PDO- phase doesnt provide more enhancement of the underlying NAO ef-
fect. This implies that the proposed route from Asia to the Pacific and northward
to Alaska, which would be magnified with PDO-, is less important than a northward
continental route through Siberia, which responds to NAO but not to PDO.

4 Discussion

The present study aimed to explore the relationships among the PDO and the NAO
and black carbon in the Arctic. Previous authors ([26],[6]) had determined a sig-
nificant role the NAO played in transport of BC, but to the best of our knowledge
no one had directly examined the impact the PDO may have on Arctic BC. Our
results agreed with Stohl et al. (2006) in identifying a substantial correlation be-
tween the phase of the NAO and BC column concentration in a few locations in the
Arctic, including those examined by Stohl et al. (2006). By the same measures,
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the present study found the PDO had very little direct correlation with Arctic BC
column concentration or surface deposition.

However, our transient 160 year simulation of Cam-Chem demonstrated a curious
interaction between phases of the NAO and PDO which had an impact on Arctic BC.
Though the sign of the PDO had few direct effects on Arctic BC, a negative phase
(in the model; positive in reality) of the PDO was found to enhance the relationship
the between NAO and BC in this study, both in strength and spatial extent. A
positive phase (in the model; negative in reality) of the PDO was associated with an
enhanced relationship between NAO and BC in other regions of the Arctic. Finally
the correlation between the PDO and BC was increased when PDO was in a negative
(in the model; positive in reality) phase.

We were able to examine the wind field response to different phases of each
oscillation, separately and together, along with spatial correlation patterns between
regional emissions and BC, to intuit how transport pathways may be strengthened
or weakened depending on the sign of each oscillation. The results suggested two
potential pathways out of Europe: an easterly flow over the North Sea followed
by northerly flow over Greenland; and a westward and northward transport over
continental north central Europe. The latter pathway is consistent with Eckhardt
et al. (2003), but the former pathway may depend in part on the sign of the PDO
and NAO, as a negative (in the model; positive in reality) PDO with a positive NAO
seemed to provide individual effects on the wind fields that coincided to enhance such
a path. It isnt yet clear how relatively important such a route may be, although the
model results suggest the magnitude of the effect may be just as large as the effect
on the central European pathway, at least when the conditions are favorable.

Koch and Hansen (2005) argued Asia had become a dominant source of Arc-
tic BC. The present study supports the hypothesis of a strong, seasonally persistent
relationship between Asian emissions and Arctic BC column concentration and depo-
sition. Moreover, the phase of the PDO and NAO seemed to influence two potential
pathways for Asian emissions, whether from boreal burning ([26],[19]) or industrial
activity. The first pathway involved low level continental flow over northern Siberia
which was enhanced during NAO- in this study, a pathway previously identified ([6]).
A secondary pathway seemed to be zonal flow into the Pacific followed by northward
flow into the Gulf of Alaska. A negative (in the model; positive in reality) phase of
the PDO would have strengthened this transport mechanism. However, PDO alone
had but a small impact on Arctic BC, so the role of the NAO dominated. The BC
column field did not seem to reflect this proposed secondary pathway, so it may in
fact not exist or be very weak. The present model simulation lacked the ability to
directly view tracer movement, and future research should examine the questions
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raised here using chemical tracers to elucidate the precise dependence of various
transport mechanisms on the PDO and NAO.

Previous authors have examined the effect of the NAO on transport mechanisms
([6]). The present research extended that understanding by closely examining surface
deposition of black carbon in addition to its column concentration. The NAO and
PDO effected the transport, and they also affected the depositional processes. The
analysis found that although dry and wet deposition occur at similar rates in the
Arctic, consistent with Koch and Hansen (2005), when the NAO and PDO were
involved, the bulk of the increases or decreases in total deposition were observed in
wet deposition only. The results showed the wet deposition response agreed fairly
well with changes in precipitation. Precipitation responded to the phase of the PDO
and NAO, and with certain combinations of phases the precipitation, and hence
wet deposition, could be strongly enhanced or strongly diminished in many regions.
Unexpected enhancement or cancellation was generally explained by the precipitable
water and vertical motion, although explaining those individual factors was beyond
the scope of this study. Future research could investigate in detail precipitation
response to the NAO and PDO together to understand precisely what is driving
these changes.

With regards to studying the NAO and PDO together, this study improved un-
derstanding of how these two different modes of variability can work in tandem to
influence meteorological conditions in the Northern Hemisphere. This research fo-
cused on the applications to Arctic black carbon, but similar analysis could easily
be applied to a wide array of questions concerning other atmospheric chemicals or
climate variability. Chen et al. (2010) argued that modes of climate variability in
the extratropics may be more closely related than previously thought; the present
research supports this hypothesis. Unfortunately we havent advanced closer to a
mechanistic explanation, but this would be a valuable avenue of research. Some of
the precipitation and associated responses to PDO and NAO were uncannily similar
in intensity and spatial pattern and these beg further investigation.

The seasonality of the simulated responses may provide some clues. Most PDO
and NAO influences, including temperature and precipitation, seemed to begin de-
veloping in the autumn, peak in the winter or spring, and nearly vanish in the
summertime. The wind responses, on the other hand, persisted throughout the sum-
mer. Are the winds responding to some other dynamical effect of NAO or PDO that
continues through the year? Or are the winds responsible for the patterns reestab-
lishing in the autumn? What is suppressing the summertime signal? NAO and PDO
both have significant seasonality, reaching apex in the wintertime but it would be
beneficial to know precisely why.
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As with any study conducted using a single model simulation, we must urge cau-
tion. The results presented here may not be robust across varying initial conditions.
To be more reliable, the simulation should be repeated in ensembles, and observa-
tional data should be considered for validation purposes. However the observational
record would likely prove overly restrictive due to the multidecadal nature of the
PDO and its positive trend in recent decades. A hundred years or more of observa-
tions may be required to validate or refute the present study. The modeled results
appeared in large part because there were 160 years of simulated atmospheres. Per-
haps a third of those years qualified as being significantly positive or negative in
either the NAO or PDO, and only 15-20 years had NAO and PDO sufficiently pos-
itive or negative to be considered in tandem. It is likely the enhancement seen in
this simulation was only significant with sufficiently strong oscillations. It would be
difficult to obtain the same number of appropriate data points from the observational
record.

In summary, future work should investigate the dynamical mechanisms linking
the NAO and PDO. Based on these results, they are probably more related than
previously believed, and the nature of their relationship may have a crucial impact
on long range transport of atmospheric pollutants and on the climate system. Future
research should also reexamine the findings of this study using integrated climate-
chemical models with explicit tracers in order to fully understand the transport
mechanisms. These will need to be long-term simulations (150 years or more) and
ensemble runs would be beneficial to provide a fuller sense of atmospheric variability.
We have advanced our knowledge of factors influencing black carbon variability in
the Arctic, and providing robust mechanistic explanations will enable prognostic
assessments for future climates.
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Figure 1: Energy associated with sea surface temperature anomalies decomposed
into the dominant interdecadal mode. Reproduced from Chen et al. 2010

Figure 2: Sea level pressure anomaly field represented by the first principal compo-
nent of the NAO.
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Figure 3: Sea surface temperature anomaly field represented by the first principal
component of the PDO.

Figure 4: Spatial correlation (R2) of North American surface flux regressed on column
total BC; 800mb winds overlaid (m/s).
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Figure 5: Spatial correlation (R2) of North American surface flux regressed on BC
total deposition; 800mb winds overlaid (m/s)

Figure 6: Spatial correlation (R2) of Asian surface flux regressed on column total
BC; 800mb winds overlaid (m/s).
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Figure 7: Spatial correlation (R2) of Asian surface flux regressed on BC total depo-
sition; 800mb winds overlaid (m/s)

Figure 8: Spatial correlation (R2) of European surface flux regressed on BC column
total; 800mb winds overlaid (m/s)
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Figure 9: Spatial correlation (R2) of European surface flux regressed on BC total
deposition; 800mb winds overlaid (m/s)

Figure 10: Spatial correlation (R2) of European surface flux regressed on BC column
total; 200mb winds overlaid (m/s)
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Figure 11: Spatial correlation (R2) of European surface flux regressed on BC column
total; 500mb winds overlaid (m/s)

Figure 12: Composite plot of the difference in surface temperature between NAO+
and NAO-.
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Figure 13: Composite plot of the difference in surface temperature between PDO+
and PDO-

Figure 14: Composite plot of the difference in total precipitation rate between NAO+
and NAO-.
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Figure 15: Composite plot of the difference in total precipitation rate between PDO+
and PDO-.

Figure 16: Composite plot of the difference in 200mb meridional wind between
NAO+ and NAO-.
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Figure 17: Composite plot of the difference in 200mb zonal wind between NAO+
and NAO-.

Figure 18: Composite plot of the difference in 200mb meridional wind between PDO+
and PDO-.
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Figure 19: Composite plot of the difference in 200mb zonal wind between PDO+
and PDO-.

Figure 20: Composite plot of the difference in 500mb meridional wind between
NAO+ and NAO-.
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Figure 21: Composite plot of the difference in 800mb meridional wind between
NAO+ and NAO-.

Figure 22: Composite plot of the difference in 500mb zonal wind between NAO+
and NAO-.
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Figure 23: Composite plot of the difference in 800mb zonal wind between NAO+
and NAO-.

Figure 24: Spatial correlation (R2) of NAO regressed on BC column total.
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Figure 25: Spatial correlation (R2) of PDO regressed on BC column total.

Figure 26: Spatial correlation (R2) of NAO regressed on BC column total, considering
only NAO near +1.
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Figure 27: Spatial correlation (R2) of PDO regressed on BC column total, considering
only NAO near +1.+

Figure 28: Spatial correlation (R2) of PDO regressed on BC column total, considering
only NAO near +1.+
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Figure 29: Spatial correlation (R2) of NAO regressed on BC column total, considering
only PDO near +1.

Figure 30: Spatial correlation (R2) of NAO regressed on BC column total, considering
only PDO near -1.
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Figure 31: Spatial correlation (R2) of NAO regressed on BC column total, difference
between with PDO+ and PDO-.

Figure 32: Spatial correlation (R2) of NAO regressed on BC deposition total, con-
sidering only PDO near +1.
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Figure 33: Composite plot of the difference in wet deposition between NAO+ and
NAO- with PDO always positive.

Figure 34: Composite plot of the difference in dry deposition between NAO+ and
NAO- with PDO always positive.
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Figure 35: Composite plot of the difference in precipitation between NAO+ and
NAO- with PDO always positive.

Figure 36: Composite plot of the difference in precipitable water between NAO+
and NAO-.
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Figure 37: Composite plot of the difference in precipitable water between PDO+
and PDO-.

Figure 38: Composite plot of the difference in vertical motion (dp/dz) at 800mb
between NAO+ and NAO-.
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Figure 39: Composite plot of the difference in vertical motion (dp/dz) at 800mb
between PDO+ and PDO-.

Figure 40: Composite plot of the difference in vertical motion (dp/dz) at 200mb
between NAO+ and NAO-.
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Figure 41: Composite plot of the difference in vertical motion (dp/dz) at 200mb
between PDO+ and PDO-.

Figure 42: Composite plot of the difference in total deposition between NAO+ and
NAO- with PDO always negative.
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Figure 43: Composite plot of the difference in wet deposition between NAO+ and
NAO- with PDO always negative.

Figure 44: Composite plot of the difference in dry deposition between NAO+ and
NAO- with PDO always negative.
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Figure 45: Composite plot of the difference in vertical motion (dp/dz) at 500mb
between NAO+ and NAO-.

Figure 46: Composite plot of the difference in vertical motion (dp/dz) at 500mb
between PDO+ and PDO-.
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Figure 47: Composite plot of the difference in BC column total between NAO+ and
NAO- with PDO always positive.

Figure 48: Composite plot of the difference in BC column total between NAO+ and
NAO- with PDO always negative.
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