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Abstract. We developed a synoptic climatology for Lake these results may be relevant to the paleoclimate reconstruc-
El'gygytgyn, Chukotka Russia, and explored modern climatetion efforts and how this relevancy could be tested further.
trends affecting air temperatures there to aid in paleoclimate
reconstructions of a 3.6 million-year-old sediment core taken
from the lake. Our self-organized mapping (SOM) approach
identified 35 synoptic weather patterns, based on sea levet
pressure, that span the range of synoptic patterns influencingur overarching aoal in this work is to begin relatin
the study domain over the 19612009 NCEP/NCAR analysig 99 : gl 9
period. We found strong seasonality in modern weather pa local weather t_o moder_r} climate at_ Lake El gygytgyn,
terns, with summer weather primarily characterized by WeakChukotka, Russia, to facilitate paleoclimate reconstructions

low pressure systems over the Arctic Ocean or Siberia and)f a d3H6 mil::(on—yea.r—oljd core_extrg((:)t(:/ld ther:e. in 2009i. V(\j/e
winter weather primarily characterized by strong high pres-use the self-organized mapping ( ) technique applied to

sure over the Arctic Ocean and strong low pressure in théhe National Center for Environmental Prediction/National

Pacific Ocean. In general, the primary source of variation inC,enter for Atmospheric Research (NCEP/NCAR) Reanaly-

- ; ; data (subsequently referred to as NNR) (Kalnay et al.,
air temperatures came from the dominant patterns in eacl}’” i .
season, which we identify in the text, and nearly all of the 1996) for the time period 1961-2009 to understand the mod-

dominant weather patterns here have shown increasing tenf synoptic c!imatology andits recenlt trends here. The phys-
peratures. We found that nearly all of the warming in meanICaI gharacter!st|cs of th.e lake, Ial_<e ice dynamics, core ex-
annual temperature over the past 50 yr (abd@Boccurred trac;tlon, 'and mtgrpretaﬂons of prior cores are all well de-
during sub-freezing conditions on either side of summer (thatscr'b'EOI in a series of papers (Layer,_ 2000; Nolan et al,
is, spring and fall). Here we found that the most summer-like200% Melles et al., 2005, 2007; Brigham-Grette et al.,
weather patterns (low pressures to the north) in the shoulde?om; C.herapanova et al,, 2007 GIushkova and Smirnov,
seasons were responsible for much of the change. Finallyzow; Minyuk et al., 2007; Nolan and Bn_gham—Grette, 2097;
we compared the warmest 15yr of the record (1995-2009 uschus et al.., 2(.)11.)' In brief, the nge Is about 12 km wide,
to the coolest (1961-1975) and found that changes in ther= 75 m deep, lies inside an 18 km wide crater, has never been
modynamics of weather were about 3 to 300 times moreglamated, has a mean annual temperature of abd@f’_c,
important than changes in frequency of weather patterns iﬁ"md annual prec!p|tat|on of about 20¢m Wat.er equivalent.
controlling temperature variations during spring and fall, re- The .SOM technique (Kohor}en, 20(.)1) applied to synop-
spectively. That is, in the modern record, general warmingt'c climatology and reanalysis data is also well described
(local or advected) is more important by orders of magnitude(KOhonen' 2001; Reusch et al., 2005; E. N. Cassano et al.,
than changes in storm tracks in controlling air temperature2006; J. J. Cassano et al., 2006; Schuenemann and Cassano,

; : : : 2010), and our work here closely follows our use of SOMs
at Lake El tgyn. We conclude with a discussion of how : _ )
ayayray in prior work (Cassano et al., 2011). This paper also draws
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heavily from a companion paper in this special issue (Nolan, In the current work, a SOM with 35 patterns (7 columns
2013) which compares measurements from a local automatebly 5 rows) was used for analyses. SOMs of this size have
weather station (AWS) that we had running from 2002—been found suitable for synoptic climatology studies since
2008 to the NNR fields of air temperature, precipitation, andthis size SOM compactly displays the major circulation pat-
barometric pressure, and this information will not be dupli- terns and storm tracks (Hewiston and Crane, 2002; Cassano
cated here. Based on our prior comparisons of NNR air tem-et al., 2007). Once the patterns have been identified, each day
perature with National Weather Service stations throughoubf data is compared with each pattern to find which pattern it
Alaska (Cassano et al., 2011) and with our local AWS at Lakemost closely matches (Reusch et al., 2005; E. N. Cassano et
El'gygytgyn (Nolan, 2013), we believe that NNR air tem- al., 2006; J. J. Cassano et al., 2006; Lynch et al., 2006; Finnis
perature represents reality well at Lake EI'gygtgyn and haveet al., 2009; Schuenemann and Cassano, 2010). This list of
therefore used these data to analyze daily weather here withdates associated with each pattern (the daily lookup table)
out further reservation. Our specific goals in this paper are tacan then be used in a variety of statistical ways. For exam-
understand the modern synoptic climate (1961-2009), deterple, annual or seasonal frequencies of each of the 35 patterns
mine which weather patterns bring warmer/colder air to thecan be tracked with time, or another daily lookup table of air
region, help explain the large rise in mean annual air tempertemperature anomalies can be used to determine which pat-
ature seen within the NNR record here over the past 20 yterns tend to bring the warmest or coldest weather. Figure 1
(Nolan and Brigham-Grette, 2007; Nolan, 2013), and dis-presents the master SOM from our prior work, reproduced
cuss how to relate these results to paleoclimate proxies antere for convenience, which contains the 35 SLP patterns
analyses. that we found characterize the domain, along with labels 1—
The SOM technique is used in this work to characterize35 corresponding to their identification in the text.
the synoptic climatology of the area of study and to relate SLP was chosen as the basis for the representation of
the local temperature at Lake EI'gygytgyn to the broader-the circulation patterns that impact the area around Lake
scale synoptic circulation. The analysis data and study doEl'gygytgyn and to focus on the relationship between the
main used in the current study are the same as were used imear-surface circulation and the weather observed at the sur-
Cassano et al. (2011). The reader is referred there for spdace. The SLP data were further processed by calculating the
cific details on our methods and parameter choices, though anomaly (by subtracting the daily mean from the grid point
short synopsis of those items and the methodology is givervalues for that same day) and these data were used for the
here. The SOM technique employs a neural network algo-SOM training. This was done because the SLP gradients,
rithm that uses unsupervised learning to determine generrather than the absolute values of SLP, are responsible for de-
alized patterns in data. This technique reduces the dimentermining the near-surface circulation (Cassano et al., 2011).
sions of large datasets by grouping similar data records toThe study domain used here has been used for several of our
gether and organizing them into a two-dimensional array, re-study sites but selected with this study in mind. A domain in
ferred to as a map, reducing large datasets into a more easilyhich Lake EI'gygytgyn is centrally located would be opti-
interpreted form. The mode in which SOMs are used heremal. However, the flow impacting the area is still well repre-
can be most directly compared to cluster analysis but, unsented within the current domain size. The orientation of the
like some other clustering methods, it does not need a priisobars in the Lake E area (or lack thereof in cases of weak
ori decisions on data distribution. There are no assumptionglow) is clearly giving us a picture of not only the localized
made as to the structure of the final clusters; the SOM willflow, but that of the flow upstream, allowing an analysis of
put more (less) classes in areas of higher (lower) data denthe relationship between the temperature at the local scale
sity while spanning the range of patterns representative ofind the large-scale circulation.
the input dataset. For the work presented in this paper, daily
sea level pressure (SLP) data from the NNR (1961-2009)
reanalysis datasets were used to train the SOM to find the SOM analysis of modern air temperature anomalies
archetypical patterns that represent the weather patterns that
influence the area of study, and the final map is organizedVe calculated mean air temperature anomalies for each SOM
such that similar synoptic patterns are located in the sam@éode to determine which patterns are responsible for bringing
portion of the map. Numerous papers have shown the SOMhe warmest and coldest variations in local weather and then
technique to robustly identify the synoptic weather patternsassessed whether these results matched our intuition about
that affect a given area (Reusch et al., 2005; E. N. Cassanthe dynamics responsible for those anomalies. To do this,
et al., 2006; J. J. Cassano et al., 2006; Lynch et al., 2006ye first calculated mean air temperature anomalies for each
Finnis et al., 2009; Schuenemann and Cassano, 2010). TH8BOM node by reducing daily temperatures (Fig. 2a) to have
technical details of the methodology of the SOM algorithm zero-means by subtracting the mean temperature on, for ex-
are fully described in Kohonen (2001) and an overview of ample, 1 January from each of the 48 1 Januaries in the study
its applications to synoptic climatology is given in Hewiston period (Fig. 2a, first column) to arrive at a daily tempera-
and Crane (2002) and Cassano et al. (2007). ture anomaly for that day (Fig. 2b). Using the daily SOM
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Fig. 1. SOM patterns used in this study. The sea-level pressure-patterns here capture the full range of weather experienced within the domair
over the past 50yr, as described in the text. Each weather pattern can be identified with the single number above it or the (column, row)
notation used in prior work; e.g., pattern 26 and (c3, r2) are the same. Green circles show approximate location of Lake EI'gygytgyn.

lookup table and the NNR 2 m temperature anomaly from thereconstruction effort. Our methods will hopefully make clear
grid point closest to Lake EI'gygytgyn from 1961-2009, we what teleconnections exist between Lake El'gygytgyn and
found the average daily temperature anomaly for each SOMhe surrounding domain and how to exploit them, such as
pattern (Fig. 3a). through comparisons with other paleoclimate sites within the
The close linkages between 2m air temperature anomadomain. In the remainder of this section we give examples of
lies and circulation patterns are evident by observing the avhow to make use of Figs. 1 and 3b by describing some of the
erage spatial 2 m temperature anomaly over the entire arelarger trends; these are the key figures to the paper, and are
of study for each pattern identified by the SOM (Fig. 3b). worth having handy while reading the rest of the manuscript.
For example, in pattern 31 (row 1, column 7), there is an As with all SOM analyses, conclusions made from an
Aleutian low centered near the tip of the island chain with analysis product such as Fig. 3 is done by comparison with
high pressure located in the Beaufort Sea. The distributiorthe SOM master plot in Fig. 1. For example, the warmest
of temperature anomalies for this pattern show warm tem-anomaly found in Fig. 3a, 4%C, occurs at pattern 26 (row 1,
perature anomalies over much of Siberia and Alaska in thecolumn 6). According to Fig. 1, pattern 26 is characterized
southerly flow ahead of the low, and cold temperature anomaby a strong low pressure in the Bering Sea, south of Lake
lies in northwestern Canada in the northerly flow ahead of theEl'gygytgyn, and a strong high pressure in the Beaufort Sea
high pressure system. In almost all cases of the 35 patternsp the north and east of the lake. In this situation, warm air
as expected, southerly flow ahead of low pressure systemfsom the south and east is funneled to the northwest between
moving west-to-east brings warm weather ahead of their apthese two systems. According to Fig. 3b, this pattern tends
proach; and the converse, northerly flow ahead of a high presalso to warm western Alaska with the same air, but cools
sure system, brings cold temperature anomalies to that areaestern Canada by bringing cold Arctic Ocean air down-
Given that our local AWS data closely track the NNR 2m wards on the eastern side of the high pressure system.
air temperatures (Nolan, 2013), and that the model’s air tem- The patterns that bring the warmest temperature anoma-
peratures and sea level pressure patterns closely track as Jies to Lake EI'gygytgyn also affect large regions of eastern
have just described, we believe the air temperature analySiberia and western Alaska. In general, these are westward
ses we perform through this paper are appropriate for allow-and northwestward shifted Aleutian lows (patterns 16, 21,
ing a better understanding of modern local climate and its26, and 31; right side of row 1 in Figs. 1 and 3b) bringing
trends, and hope that this will be of use to the paleoclimateair from the south and east. Other patterns that bring weaker
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Fig. 2. Daily 2 m NCEP air temperaturg¢a) and anomalieéb) at Lake EI'gygytgyn. The anomalies, as described in the text, remove seasonal
trends (e.g., summer is warmer than winter) and each daily anomaly can be compared to the weather pattern on that day (Fig. 1) to create
pattern-averaged anomalies (Fig. 3a). Much of this paper deals with the warming (more yellows and reds) seen in spring and fall beginning
around 1990 ir(a). (c) Thaw season start (red) and end (blue) dates for each year along with means (horizontgtines)gth of thaw

season in days.

warm temperature anomalies are those with weaker pressut®cean. When these patterns occur during the winter, the
systems in similar locations, bringing air from the south andair advected into eastern Siberia likely passes over sea ice
east towards the northwest (patterns 10, 15, and 20). Thougtather than open water and thus stays cold. When there is
the flows into the lake are similar to these two clusters of pat-open water present, this may warm the air somewhat before
terns, the impact on Alaska is different as the latter tend toreaching the Lake El'gygytgyn area. These patterns tend to
also bring cold air from the north and east to Alaska, sincecool all of Beringia, while warming Canada.

for these patterns the high pressure in the Arctic Ocean is lo-

cated further west, putting Alaska in the northerly flow ahead

of the system. Thus, paleoclimatologists should be aware tha3 Seasonal air temperature trends in SOM patterns

the teleconnections in air temperatures between sites is de-

pendent on the weather systems that dominate at that time. Todexfpand upon ourhprlor work, V;’h'cg ur?ed cale?dar _"?O”thsd
The coldest temperature anomalies for the Lakel© define seasons, here we explored the use of positive an

Elgygytgyn region are associated with moderate low negative degree-days (PDD and NDD) to define seasons and

pressure systems centered in the Gulf of Alaska with broac}rends' Degree—days are defined by S"’_”P'y, S“mm"‘g daily
high pressure over eastern Siberia and the Beaufort/Chukct3/€rage air temperatures fic. The motivation for using
Seas (patterns 23-25 and 28-30). These patterns tend E@gree-days to define the freezing and thawing seasons is

bring air to the lake from the east-northeast over the Arctictnat nearly all biological and physical processes of inter-
est to our core interpretations are controlled strongly by the

Clim. Past, 9, 12714286 2013 www.clim-past.net/9/1271/2013/
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(b)

Fig. 3. (a) Pattern-averaged temperature anomaly for each SOM node at the lake. For example, over the study period, on any day that
pattern 26 was dominating, one could expect &€ %varmer air temperature than the mean for that day of the year. Thus, if the frequency

of pattern 26 increased over time, one would expect the mean annual air temperature to (leT@mperature anomalies for each SOM

node across the entire domain. These plots aggregate the analgejgaifLake EI'gygytgyn) for each grid point in the domain. The plots

should aid substantially in understanding teleconnections between the lake and the surrounding domain. For example, pattern 26 that bring:
such anomalously warm air to the lake also brings cold air to Canada, whereas pattern 5 brings cold air nearly everywhere. Figmre 1 and
are referred to constantly throughout the text, so having them close at hand or printed out separately is advised by the authors, as there is
lot of information packed into them.

liquid/solid transition of water, whether that be lake ice dy- thawin conditions whereby the air temperature crosses the
namics, soil erosion, vegetation growth, or aquatic biologic0°C threshold (which also separates PDD from NDD), we
productivity. Further, degree-days themselves are especiallgan also track changes in seasonal lengths, something not
useful metrics for determining lake ice thickness and tim- possible with calendar definitions of seasons.

ing of melt, and by tracking the transitions from freezing to

www.clim-past.net/9/1271/2013/ Clim. Past, 9, 1271286 2013
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Fig. 4. SOM frequencies in average days per year (1961-2009) during the fr¢ayamgd thawingb) seasons. For example, the right-most
column in(b) shows that 49 days of the year are controlled by this type of weather, which Fig. 1 indicates as having strong Aleutian lows.
These daily averages sum to 365 days(dnand(b), color indicates the same information as the numbers, but this is not the case in the
subsequent figures.

To begin, we start with only two seasons, a freezing andhalf the year on average. These patterns tend to bring cold
thawing season, and then later expand this to consider springir from the east and north to the lake from areas dominated
and fall dynamics. We calculated the length of these seasonisy snow-covered land or ice-covered ocean but rarely open
by fitting a sinusoid through the daily air temperature dataocean since these patterns primarily occur during the winter
and noting where it crossedC. The issue is that many years months (Cassano et al., 2011). The seasonal differences are
do not have a smooth transition acros€0n spring or fall,  strong, as almost any weather pattern can be expected for a
with spikes of up to several days that cross it. We visually in-few days in winter, but in summer the observed patterns are
spected each annual record to confirm that the sinusoid wakargely those lacking a strong low pressure in the Pacific. The
capturing reality well. The dates of the start and end of thepatterns that do occur in the summer are characterized by low
thaw season are shown in Fig. 2c and the length of thaw segressure systems much weaker than in winter and broad high
son in Fig. 2d. As can be seen, there is a strong trend towardgressures systems, which usually tend to bring warm air from
increasing the length of the thaw season since at least 199&e-free areas of the Pacific from the south and west. What
The post 2000 mean, 119 days, is more than 2 standard dés not clear from Fig. 4 is the degree-day magnitude of these
viations of the prior mean of 103 days. Our related work hasevents. That is, one cannot make the claim that because a pat-
shown the increase in MAAT (mean annual air temperature)ern is more frequent that it is more important to accumulat-
and winter warming began in the late 1980s, and a large foing degree-days or to trends in PDD or NDD. For example, a
cus of this paper is determining the synoptic causes for alpattern that occurs frequently but has a daily average degree-
these changes in air temperatures. days near zero would contribute little to the annual total of

We found strong seasonal trends in synoptic weather patdegree-days, while a less frequent pattern with large posi-
terns, in terms of degree-days and wind direction, which maytive or negative degree-days, but that occurs less frequently,
be of relevance to core proxies. Here we have calculatedvould contribute more to the annual total of degree-days.
NDD and PDD without regard to the season length above, While in general the bulk of the degree-days come from
treating each day independently of the rest based on whetheéhe most frequent patterns, some patterns stand out in mag-
it is above or below OC. Figure 4a and b plot the frequency nitude. Figure 5a and b reveals which SOM patterns are
of each weather pattern, in average number of days per yeanost responsible for NDD and PDD. Here we find that
over 1961-2009, for the long-term freeze and thaw seasonsIDD (4802 degree-days) is about 7 times higher than PDD
defined above simply by air temperature; summing the tex{(675 degree-days) by adding the text numbers in Fig. 5,
numbers in Fig. 4 yields the average length of freeze—thawmeaning that summers are cool but winters cold, and thus
seasons in days (107 thaw-days, 258 freeze-days). These figvinter (and winter weather patterns) dominates the annual
ures show that freeze season is long and the thaw seasategree-day signal (see Nolan, 2013 for more detail on this).
is short, and that patterns with strong low-pressure centers Comparison of Figs. 4 and 5 reveals a major benefit
over the Aleutian Islands with high pressure in the Beau-of characterizing weather patterns by degree-days, in that
fort and Chukchi Seas (right side of Fig. 1) dominate almostdegree-days are the product of frequency and temperature,
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Fig. 5.Mean positivda) and negativéb) degree-days for each SOM cell over 1961-2009 at Lake EI'gygytgyn. Numbers are mean value and
colors are standard deviation. For example, patterns 5 and 30 have the same negative degre&rtippsit(pattern 5 has about 50 % more
variation, indicating that it is more likely to be responsible for inter-annual variations; these two patterns alone total nearly the same as the
total positive degree-days for all patteti@3. Pattern 34 alone has shown & 2rariation in range that is nearly equal to all positive degree-

days, indicating that winters have a higher sensitivity and demonstrated capability for affecting annual means and inter-annual variability in
the modern record.

giving a sense of the actual magnitude of impact of a given50 % higher variation and thus more influence on whether a
pattern on seasonal temperature trends. The differences bearticular winter is warmer or colder. In this case, these two
tween frequency and magnitude can be quite large, especiallgatterns alone account for about 10 % (542 degree-days) of
in winter. For example, patterns 21 and 32 both have the samthe mean annual NDD, with a combined 2-sigma variation
average frequency (Fig. 4), but differ by 107 degree-daysof about+500 degree-days. Pattern 34 alone can vary from
(which is 15 % of the total PDD) in Fig. 5. Large discrep- +45 to —547 degree-days (meah2-c). Patterns 32, 33,
ancies can be seen for several other patterns. In summer wand 35 also show high magnitudes coupled with high vari-
find that frequencies and degree-days each paint essentialbbility. These patterns are the real weather makers at Lake
the same picture, though minor differences are evident on th&l'gygytgyn, at least in the modern environment.
scale of several degree-days.

Color in Fig. 5 represents the standard deviation of degree- . .
days for each pattern. From this analysis it is shown that4 Interannual air temperature trends in SOM patterns
some patterns have a much higher variability than others an.q'he largest trend in air temperature over the modern record

the_r_efo_re have a greater influence on the mter-ann_ual Varks the large increase in mean annual air temperature (MAAT)
ability in lake weather. These weather patterns with high

tandard deviati tend also to h the hiahest béaginning in the late-1980s, from a 1961-1994 mean of
standard deviations tend aiso 1o have the Nighest means ancy 5 goc 15 5 1995-2009 mean 6£9.1°C (see Fig. 5in

Il as the st tint | variability. Th t.aNoIan, 2013), which we explained as being due to winter
sons as well as the strongest inter-annuai vanabiiity. 1ha ISWarming, with mean annual NDD rising from5043 to

inter-annual consistency drives seasonal processes, but inter- 4340 degree-days over that same time. In this section we
annual inconsistency drives variations and trends, and somgXplore the changes in weather patters that accompanied
patterns seem responsible for both.

this change in MAAT using further degree-days analysis

The most important weather pattern in summer is repre-combined with the SOM technique.

sented by pattern 1, characterized by a low pressure center Figure 2a and b show daily NNR 2m air temperature
north of the qug, with @ mean PDD contrlbutlon-of 66. and dand air temperature anomaly for the entire record (1961—
standard deviation of about 40 degree-days. This variation |§009) giving us a visual impression of those trends, espe-
not large in an absolute sense, but it is larger than the stanz._, " - ; " '

L ’ . cially in terms of defining spring and fall transitional seasons.
dard deviation of annual PDD over the entire record (Nolan, y gspring

2013). indicating that thi t | Id tf In Fig. 2a, we can see beginning in the late-1980s that daily
), in licating that this pattern alone could accoun orspring temperatures rose considerably (more yellows and or-
nearly all inter-annual variations in summer PDD.

anges) in March (i.e;- days 60 to 90), and also that peak
RNinter temperatures were warmer as well (more light blues,

the same frequency and magnitude, but that pattern 5 haﬁellows and oranges); the period 1995-2001 was especially

www.clim-past.net/9/1271/2013/ Clim. Past, 9, 1271286 2013
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Fig. 6. Positive(a) and negativgb) degree-days by SOM pattern for each year of the NCEP record used here. These plots show which
weather patterns most strongly influence freeze or thaw seasons. For example, patterns 30-35 dominate freezing but have little influence ol
thawing, and these patterns show high variability, indicating they are responsible for much of the interannual variability. The plots also show
trends. For example, patterns 11-14 have been getting warmer in the freeze season — more daf)re@ds iwell as warmer in the thaw

season — less dark blue (a). The causes for individual warm or cold years (Fig. 8) can also be pinned to individual patterns using these
plots.

notable for this. Fall also became warmer at this time, extendweather has the most potential for changing annual means at
ing through 2009. Early summer, about day 150, seems td.ake EI'gygytgyn.
have gotten a bit cooler in the last 15 yr (more yellows and or- We analyzed trends in degree-days for each of the 35 pat-
anges than previous 15 yr), with late summers getting warmeterns by fitting linear trend lines through their annual degree-
(more deep reds). During this time, there was little trend indays from 19610-2009. An example of this analysis is pre-
PDD, with means changing from +666 to +700, indicating sented in Fig. 7a for pattern 6. Here we see a strong rise
that the changes largely balance out in terms of PDD. Giverin degree-days over time, a seemingly characteristic differ-
this visual inspection and the analysis of Fig. 4, it seemsence between the first and last 15yr of the record, and a
that the calendar month definition of spring and fall (March- switch from being a contributor to NDD to PDD (that is,
April-May — MAM — and September-October-November — it crossed the zero degree-day mark from negative to pos-
SON) are reasonable fits for exploring frequency and magniitive). Figure 7b shows the magnitude of change over the
tude changes at the lake, but obviously cannot help us wittanalysis period (that is, the difference in trend line endpoints
changes in season lengths. such as in Fig. 7a) and therefore the general trend shown in
By plotting degree-days for each SOM pattern for eachFig. 7a for each pattern. For example, pattern 6 has a dark red
year, we can explore the causes of warm and cold years. Figzolor indicating in 2009 of about 40 degree-days (PDD) and
ure 6a and b do this for PDD and NDD, respectively. Thesea text value of 60, indicating that in 1961 it had an average
plots also give a graphic representation of which patterns—20 degree-days (NDD); note that the text value is for the
dominate which season; for example, patterns 20-35 clearlyrend line endpoint differences, not the individual 2009 and
contribute little to summer heating, but dominate winter cool- 1961 annual differences, so the actual 1961 value cannot be
ing. In Fig. 6a, we see that patterns 1, 3, and 8 largely explaimeconstructed with Fig. 7b.
the highest PDDs on record in 1991. Similarly, an unusually Using Fig. 7b, we find that nearly all patterns have shown
high PDD in pattern 1 in 2002 and 2003 largely balance cool-warming over this time; some patterns have changed from
ing seen in some of the others, and in 2004 a record high pateontributing to PDD from NDD, and some patterns emerge
tern 2 dominated moderate warming of other cells to createas driving overall change. The general picture that emerges
the record high annual PDD. In the freezing seasons (essethere is that the patterns that are showing the most warming
tially fall, winter, and spring), patterns 5 and 30—35 show are not those characteristic of the freezing season (right side
high inter-annual variability, as also seen in Fig. 5, with mostin Fig. 1), but those characteristic of thawing season (upper
patterns showing some warming over time. Note again thateft in Fig. 1) that occur during the freezing season. However,
the magnitude of variation is much higher in the freeze seathe thaw season is not getting warmer, but rathefrdezing-
son than in the thaw season, indicating that below-freezingseason occurrencef typical thaw-season patterns are get-
ting warmer and, perhaps more importantly, these patterns
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Fig. 7. (a) Degree-days (thin line) 1961—-2009 for SOM pattern 6 with trend line (thick line). Here, pattern 6 can be seen getting warmer over
time. Here we use the linear trend line only to smooth the noise by using its end-pofhjsaind we are not indicating the actual trend is

linear. Later in the paper, we explore the change in means of the first 15 and last 15yr of record (e.g.(BidCI#ange in degree-days
19612009 for all SOM patterns at Lake El'gygytgyn. The numbers are the change in trend-line endpoin(s), @nihthe colors are the
degreedays for each pattern in 2009, so that one can estimate the value in 1961 using the numbers. Positive values indicate warming. Her
heavy boxes surround those patterns, like pattern 6 {ejnthat change from negative to positive degree-days over time.

are often crossing or approaching the transition from be- 1000
ing net NDD-contributors to net PDD-contributors. Winter-
only patterns, such as the Aleutian lows, are also getting
warmer, but, with a few exceptions, lower in magnitude and ; T :
lower in percentage change in degree-days than the summet i Hspri:,,g : 5
like patterns. Perhaps more importantly for our paleoclimate  .spo} —Summer | ... - : -
purposes, none of these freezing-season patterns is close lé _— e 5 5
crossing the 0 degree-day threshold. Thus, it seems that thg 1000 '
warmest of the winter patterns are experiencing the mostg&
change, and these are of course found at the transitions be 1900
tween winter and summer —that is, fall and spring, as we saw 509
in Fig. 2.

Analysis of annual trends in seasonal degree-days fur- -zsoof-
ther confirms that much of the recent warming can be ex- j ; j :
plained by changes in spring and fall. Here we defined win- 1965 1870 1975 1980 1085 1990 1995 2000 2005
ter, spring, summer, and fall by the standard Northern Hemi- Year
sphere 3 month intervals of DJF, MAM, JJA, and SON, re-Fig. 8. Seasonal variations of PDD (thin lines) and NDD (thick
spectively (where the letters are the initial of each month).jines). The greatest changes during the freezing season occurs in
Figure 8 shows that most of the change in fall and springfall and spring beginning in the mid-1990s. Similarly, the biggest
appears to have occurred starting about 1995, when meaghanges in thaw season occur in fall about the same time (thin black
negative degree-days appear to have increased by 286 Dlne emerging from 0).
and 339DD, respectively, more than 2 standard deviations
above their prior means. The remaining NDD from the winter
season (DJF) shows essentially no change in mean comparéd Interdecadal air temperature trends in SOM patterns
to the prior period, and over the last 10yr of record PDD
has a cooling trend, indicating that nearly all MAAT increase Given that weather here seems to have changed around 1995,
is being driven by comparatively larger warming trends in and that we have 15yr of such data (1995-2009) following
springs and falls. Further, nearly all of the trend in mean-this pivotal year that approach climate time-scales, we chose
annual PDD after 1994 (+34 degree-days) can be explainetP compare this period to the first 15yr (1961-1975) of the
by warming falls (thin black line emerging from zero in early record. The degree-day tremfiring both of these periods

1990s), which increased in means by +31 DD after 1994. is near zero, suggesting that these are periods of relatively
stable, but different, climate. Some of the intervening years

500

-3000
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show signs of being intermediate between the two states, furdegree-days numbers show, all seasons show warming, and
ther influencing our choice of comparison periods. We cal-this warming is observed in most patterns.
culated degree-days for each period, pattern, and season by The trends that we see here are in general agreement
taking the mean of the 15 seasonal values calculated by sunwith prior work. Comiso (2003), using AVHRR clear-sky
ming daily values within that season for each year. Thensatellite-temperature data, found over the time period of
we differenced the values between periods for each seasoi981-2000 positive temperature trends in autumn, spring,
plotting the results in Fig. 9 with numbers indicating the and summer. In the Lake EI'gygytgyn area, the warming
change in degree-days and colors representing the magnitudeends were strongest over land areas in summer and over
of degree-days in the first period to visualize the seasonal imthe Beaufort and Chukchi Seas in autumn. These increases
portance of each pattern. For example, in Fig. 9a one can seare consistent with a longer melt season (with both earlier
which patterns are most representative of winter by the bluespring melt and later autumn freezeup) also discussed in the
colors and summers by the dark red colors, with all of thepaper. Lindsay and Zhang (2005) analyzed surface air tem-
positive numbers indicating warming over this period, and peratures over the Arctic Ocean from the NNR and found
the highest numbers representing patterns that show the mosicreases in temperatures for the Arctic basin for all four sea-
warming. sons, weakest in the summer. Serreze et al. (2009) also used
Fall and spring again emerge as the drivers of annuathe NNR data over the Arctic north of 7@nd found au-
change in the modern record. The total annual change wasimn surface temperature anomalies over the time period of
+886 degree-days and per season was +31, +338, +318, aid®79-2007 predominantly negative through the mid 1990s
+199 degree-days for the JJA, MAM, SON, and DJF periodsto strongly positive in the later part of the record, with less
respectively. Note that the spring and fall periods are characpositive anomalies extending in to winter.
terized by sub-freezing temperatures, so these total degree-
days changes are over 95 % due to changes in NDD.
Interesting trends for individual weather patterns are als
apparent within each season (Fig. 9b—e). In spring, the

biggest changes are found in those patterns that are Cha{/'\/hat is the cause of the seasonal warming trends? The SOM

acteristic of spring (as denoted by green and biue color Intechnique can be used to investigate whether this climate

Fig. 9b), which are intermediate between summer and W|nterShift was due to a change in frequency in weather patterns

pa“e'.‘”s characterized by wgak low pressure cen'Fers near t.QSwards those that bring warm weather or whether some
Aleutians and even weaker hlgh pressure center; in the ArCtIf)atterns are simply getting warmer without becoming more
Ocean. Almost all patterns in spring show warming as We”'frequent as we had done in prior work (Cassano et al.

i\;IIotst of the ct:?nge n ?ummer IS (?orrlll_ng Zrom thosedpatte_[)naon)_ This SOM analysis is nearly identical to this prior
at are most frequent (as seen in Fig. 4), as we describe ork, which explored a shift in climate from 1961-1975 to

prev.iouslyz but several summer patterns. actually shov_v S"ght_L976—1990 that strongly affected air temperatures through-
cooling (Fig. 9¢). The Iarggst changes in autumn (F!g. 9d)out much of Alaska, just relabeled here in terms of degree-
are from those patterns typical of summer, characterized b)éays. This shift in 1976 does not appear as strongly at Lake

low pressure in the Beaufort and Chukchi Seas (upper lerﬁzl'gygytgyn, if at all, and here the period 1976-1993 shows

corner of Fig. 1). In fall, these patterns still bring freezm_g air signs of being a transition between the two periods we chose

Sor our new study. We also extend our analyses here to un-
r. : L ; :
derstand the seasonal differences in this shift. For clarity, we

06 Attribution of air temperature trends in SOM
patterns

record, suggesting that fall is becoming more like summe
Typical winter patterns that occur in fall (right side of Fig. 1)

show warming in fall, as does pattern 16, whic_h has a Stron%ulating a mean frequency (in days per year) and a mean
lO\.N pressure center south OfChUKOFka' '_I'hus, in fall, pat_tem%emperature for each pattern for each time period (1961—
bringing winds from nearly every direction show warming, 1975 and 1995-2009), calling they,, Fa, Ty, and Ty,

}hou_g? th(le:_su?metrr—‘hkg plstt?;ﬂ 1 sr?ows the h'ghef’t Icheasehespectively, where therepresents each of the 35 weather
;nwin er (Fig. 9e), the bulk o € change appears 1o e.com'patterns in the SOM. We can then calculate mean degree-
ing from patterns that do not typically dominate the winter

climate. That is, other than pattern 35 (a strong low pres-days (DD) for each period for each pattern by

sure in the Gulf of Alaska and the strongest high pressurddD1 = X (Fy; - T1;), Q)
in the Arctic Ocean), the typical winter patterns show rela-

tively little change. The biggest changes in winter are seen in

patterns characterized by high pressures over Chukotka (e.g3D2 = X (Fy; - T2). 2)
patterns 3-5, 10) and those with strong low pressures over o . o
south of Chukotka (e.g., patterns 16, 17, 21). Overall, as the}:2 andT can also be described as the following:

Fo = Fi + AF;, whereAF;, = Fy — Fy ©))
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Fig. 9. (a) Annual, (b) MAM (spring), (c) JJA (summer)(d) SON (fall), and(e) DJF (winter) changes in degree-days between means of
1995-2009 and 1961-1975. Positive numbers indicate warming. Note that nearly all changes are positive. Colors indicate the mean over the
entire record used so that one can get a sense of how the magnitude of change compares to the mean degree-day contribution.
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Table 1. The first three columns represent the three terms in Eq. (5). “Ratio” is the ratio of thermodynamics to frequency (that is, Term 1
divided by Term 2), D — DD is the change in degree-days calculated in Eq. (5) (the sum of the three Terms).

Thermodynamics Frequency Combined Ratio JPDDq

(Term 1) (Term 2) (Term 3)

MAM 341.8 —24.9 21.6 13.7 338.4

JJIA 24.1 8.5 -19 2.8 30.6

SON 324.3 11 —7.9 29438 317.5

DJF 196.9 —33.6 35.6 5.8 199.1

Annual 887.2 —48.7 47.4 18.2 886
and we plot the change in average number of days per period
that each SOM pattern appears in the record. Most changes
Ty = Ty + AT;, whereAT; = Ty — Ty;. (4) are 1 day or less between periods, with seasonal standard

o ) ) deviations (across all SOM patterns) of 0.75, 0.72, 0.60,
Substituting Egs. (3) and (4) into Eq. (2), subtracting Eq. (2) ang 0.85 days for spring, summer, fall, and winter, respec-
from Eqg. (1), and recombining terms yields tively (all are zero mean change because one pattern must
be replaced by another). Some of the largest changes, 1.5 to
2 days, occur in winter (Fig. 10e), but as a percentage change

Thus, the total change in degree-days can be split betweel[|€S€ aré some of the lowest. Percentage change can be es-
the three terms at right-hand side of Eq. (5) . The first termimatéd by comparing the colors in Fig. 10, which repre-
(Fyu - AT;) represents the component of degree-days changéent patt_ern frequency during the first period, to the num-
between periods that would have occurred if the frequencyPerS: Which represent the change between the two periods.

of the 35 weather patterns stayed constant in time. In thié_:Or .exampl.e, even thpugh pattern 35 changed-hyd days
case, any non-zero change would have to come from an inin winter (Fig. 10e), given that its older frequency was about

. . . . i 0,
crease in air temperature associated with that pattern, such &s8 d2ys Per year, the percentage change is ab8at%.

a warming of the source area from which the winds advect>milarly, pattern 2 increaseq by O'?? days i_n winter, but av-
air. The second terny; - A F;) represents the component of eraged only about 0.3 days in the first period, for. a change
total change assuming that the mean temperature of each paﬁt about 100%. The largest frequency changes in summer

tern stayed constant in time and all non-zero change resulteQ:'g' 10c) occurred, for the most part, to those patterns that

from a change in frequency of a pattern. This would be thewere already the most frequent. Fall (Fig. 10d) showed the

case if the thermodynamics of the patterns had not changed &West standard deviations in magnitudes, but some of the
all, but simply shifted in their relative frequencies. For exam- highest percentage changes. In gene_ral, hovyever, frequency
ple, if a pattern that typically brings warm air became morechanges were small between these time periods and further

frequent at the expense of a pattern that bought cooler air (ir‘fOnfirm our conclusions from Table 1'that changes in fre-
the first period), total degree-days would increase due to thidUENCY between patterns aret responsible for the bulk of
term. The final term&T; - A F;) describes the impact of both 1€ Warming we see in degree-days during this time.

_ N . ) o .
frequency and thermodynamics changes that occur together, YWNere is this warmer air coming from? Our analysis does

and it is usually minor compared to the other terms (Cassan&'©t distinguish between local warming and warm air advec-

et al., 2011). The result of this analysis is shown in Table 1. tion. In our prior work looking at cIimqte change_s in Alaska
Changes in thermodynamics of patterns (887.2 degreefflround 1976, because temperatures jumped G-6 a year

days) dominate the annual change in degree-days, as seen%th'n a longer-term cooling trend, it seemed reasonable to

Table 1, with most of that change occurring in spring and fall P€lieve that the bulk of the warm air was coming from non-

(341.8 and 324.3 degree-days, respectively). Here, changégcal sources. In that case, patterns dominating change had

in thermodynamics range from 3 to 295 times the magnitude/ViNds from the south, suggesting the Pacific Ocean as the
ource. At Lake El'gygytgyn, the warming is more gradual,

as changes in frequency, with the largest values in spring and ™ " N S -
YVhICh may indicate that local warming is more important

fall. The clear picture that emerges from our research is tha e .
the warming observed in the NNR reanalysis mean annuaf'€"® than the 1976 shift in Alaska, a jump that was not ob-

air temperatures at Lake E'gygytgyn is caused by change§erved at the lake. Based on Fig. 9 there is no clear picture
in thermodynamics of weather patterns, mostly in spring anc®f Where any non-local warmer air is sourced from, but gen-
fall, not from changes in their relative frequencies. e_raIIy it IS mostly fro_m the west, sou.th, and ez?\st. In fall, the
We plotted change in frequency between periods in Fig. 10P199est increase is in pattern 1, which has air largely com-
and confirm that these changes are relatively small. Herd"9 from the west, over continental Russia, and the second

DD, — DDy = S (Fy; - ATj + Ty - AF; + AT; - AF;). (5)
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Fig. 10. (a) Annual, (b) MAM, (c) JJA, (d) SON, and(e) DJF change in average pattern frequency between means of 1995-2009 and
1961-1975. Text shows change in number of days and colors show pattern frequency during the first period to aid in assessing percentage c
change.
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biggest increase is pattern 16 coming from the south, ovecould be tested. If validated, then the entire SOM analy-
the Bering Sea. In spring, the biggest increases come fronsis presented here is also supported since the same physics
patterns 28, 23, 19, and 20, which all tend to bring air fromand assumptions underlie both the site-specific and domain-
the east, over continental Alaska, or from the north over thewide analyses. Our SOM methods and analyses could also
Arctic Ocean. Given this, a warming Alaska or a decreasingbe applied to a broader spatial domain, especially as com-
trend in sea ice extent could have some influence on Siberigputational speed increases, that would incorporate additional
In any case, the lake climate-trend story here seems morpaleoclimate study sites. Similarly, the methods and analy-
complicated than the 1976 story in Alaska, but the overallses here could be applied to longer temporal periods, such
picture is similar in that the cause is a change in thermody-as the results of a paleoclimate weather model run over the
namics of patterns rather than an increase in frequency ofength of the core period. Both of these extensions could be
patterns that typically bring warm air. compared to our results for further validation. For the pur-
pose of this discussion, however, we assume that our results
do have some relevancy to paleoclimate, as noted in the first
7 Relevance to paleoclimate paragraph, and point out some of the major linkages.
In terms of core proxy interpretation, one relevant find-
We believe that exploring trends in modern weather is impor-ing (beyond the obvious that winters are long and cold) is
tant for paleoclimate studies because these trends give us othiat in summer advected air tends to come from the south
only direct evidence as to which patterns are most variableand west and in winter advected air tends to come from the
as well as the nature of this variability in the modern era, andnorth and east, as this may relate to isotopic and other chem-
most paleoclimate studies begin or center on comparison oical indicators of provenance; that is, wind-blown or affected
past climate to the current one. Further, it seems a reasonabfgoxies indicating an origin in the south could perhaps also
assumption for lack of other data that the current range ofnow be used as indicators of warmer weather. Given that win-
climate dynamics may be representative of some eras in theers dominate the mean annual air temperatures here, win-
past. At Lake EI'gygytgyn, this assumption is more likely to ters also have the largest potential for variation. We found
be true over the most recent part of the sediment core recordjery little change in summer temperatures over the past 50 yr,
as the influence of plate tectonics on climate begins play-but we did find an increase in winter’s negative degree-days
ing a role in the older part. Similarly, the range of weather by an amoungreater than the total mean summer positive
patterns we see today may not be the same as those durirtegree-daysThus, all else being equal, when interpreting
glacial times, when sea level was much lower and the oceaproxy temperatures for mean annual temperatures, the freez-
currents much different, especially in Beringia. So our re-ing season, and in particular the shoulder seasons of spring
sults here are likely to better inform paleoconditions duringand autumn, should be considered as the most likely source
interglacialsof the past 1 M years, when circulation patterns of variation.
were likely most similar to today. Unfortunately, given that  We also found that weather patterns here seem relatively
much of the recent warming over the past 50 yr has been dustable with time, showing little change in frequency com-
in part to anthropogenic influences, we cannot be certain thapared with changes in what those patterns bring with them.
the dynamics we observe now are also representative of priogiven that some of the largest changes in global tempera-
interglacial periods. However, given the modern instrumen-ture in the past few thousand years have occurred during
tal period of the last 50—100 yr is the only direct measure wethis 50-yr interval, we have some confidence that the range
have, we feel our analyses here are getting us pretty close tof weather patterns that existed during this interglacial and
the best possible use of it for paleoclimate reconstructionsmany recent ones is captured by those of the past 50 yr and
and we believe that this understanding of the modern envithat their frequency during interglacials was likely similar.
ronment and its trends should provide some calibration forThus, when interpreting air temperatures changes here in
the dynamics of modern proxies and thus hopefully improveprior interglacials, based on this analysis one should prob-
the paleo-proxy development through comparison. Furtherably look to changes in thermodynamics first rather than a
while magnitudes of change may or may not relate directlyshift in frequency of storm tracks.
to paleoclimates, we believe our analyses may also be useful We found that nearly all of the warming observed occurred
as a sensitivity study, if for no other reason than indicatingduring spring and fall, while air temperatures were still be-
the modern rates of change in trends are large on decadéw 0°C. We found little change in summer itself, in terms
scales. of degree-days or frequency, despite the large rise in mean
We could test this relevancy in several ways. Figure 3b in-annual temperature; our results therefore offer no sugges-
dicates the teleconnections between Lake El'gygytgyn andion that paleo-summers were hotter but rather that they were
the surrounding domain in terms of air temperatures. Iflonger or shorter, as this may impact core proxy interpre-
a paleo-temperature reconstruction from Lake El'gygytgyntations, particularly those that have temperature-thresholds
could be compared to a similar reconstruction from else-or thaw-season length-thresholds like vegetative growth.
where in the domain, the teleconnections seen within Fig. 3iModern fall weather patterns are getting warmer primarily
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