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ABSTRACT

The Hudson Bay region is rich in dara useful to palacochimatology. Freeze-up and
break-up series in the western Hudson Bay area, early meteorological measurements
and tree ring series have been selected. The missing data are estimated, using the best corre-
lated series, and from these, 23 continpuous proxy series are deduced from 1700 to 1979,
Sixty-seven serics of seasonal temperature for the years 1925 1o 1983 and 27 sea-level pres-
sure series for the period 1953 to 1983 are produced. Temperature and presure fields ure
reconstructed on a seasonal basis from these proxy seties usingthe standard transfer func-
tion. A relationship between principal components of the temperature network and the
proxy series is developed for the 1925-1979 interval and extrapolated back to 1700.
Temperature is deduced for six stations representative of the meteorological network.
Verification tests are significant mainly for high frequencies. The trends are better
estimated by an analogue method. Both kinds of reconstruction are combined and yicld
an improvement in results. The relationship between temperatures and pressures 1s used
10 reconstruct earlier pressure fields by the analogue method. The trend-analysis reveals
that a warming occurred at the end of the 19th century. Eight classes are defined to
show the main structure of the space and time variations of the temperature and pres-

sure fields.

RESUME

La région de la Baje d'Hudson est riche ¢n données susceptibles de fournir des
informations paléoclimatiques intéressantes. Des series de debicle et d’embacle de rivi-
res de I'ouest de la Baic d’'Hudson, des séries instrumentales reconstituées et sept séries
dendrochronologiques ont été sélectionnées. Leurs lacunes sont comblées & laide des
séries les mieux corrélées et finalement vingt-trois séries indirectes (“ proxy data™) com-
plétes entre 1700 ct 1979 en sont déduites. Soixante-sept séries de température salson-
niéres sont complétées entre 1925 et 1983 ot vingt-sept séries de pressions entre 1953 el

* present affiliation: Laboratoire de Botanique Historique et Palynologie, Faculté de St Jerome,
rue Poincare. 13397 Matrseille cédex 13, Trance.
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(g3, Les champs thermiques et barométriques sont reconst ruits sur une base saison-
picre & partir de cos séries indirectes. Une premiére méthode est utilisée: Ju fonction de
(ransiert classigue. Elle consiste en le caloul &’ une relation entre les composantes prinei-
pales du résean thermique ei les sérics indirectes sur la période 1925-1979. Celle-ci per-

met une extrapolation jusqu'en 1700 ¢t un retour aux températures elles-memes via six
stations teprésentatives du réseau. Des tests de vérification montrent le bon comporte-
ment des Mutes fréquences reconstruites. Une méthode de reconstruction par les plus
proches analogues est alors utilisée avec un accent particulier sur les basses fréquences.
1.cs deux types de reconstructions sent fondues, ce qui améliore neitement les résultats.
11 lien est trouvé entre champ thermigue et champ barometrigue. Celui-ci est utilisé
pour reconstruire les pressions en six stations également par la méthode des analogues.
Les tendances des reconstructions sont finalement analysées, ce qui met en évidence un
réchautlement A partit de la fin dv 19iéme siécle. Huil classes de température sont
définics montrant les principales structures des variations spatiales et temporelles des
champs thermique ¢t barométrigue.

1. INTRODRUCTION

There are many areas of the world and many periods of history for which ne eli-
matic data exist. It 15 common now to use proxy data to substitute {or these
gaps. Dendroclimatology provides proxy records which are continuous and
reliable. These are based on ring widths and wood densities for typical tree spe-
cies. Dense networks of such data are now becoming availabie. As well, histori-
cal archives provide much interesting information including early instrumental
observations, weather diaries and descriptive chronicles of regional human
activities (Catchpole, 1980} While many of these historical data have gaps and
other irregularities, they can be easily identified with specific climatic
parameters. Fritis, Le Roy Ladurie and Lamb (see reviews in Fritts (1976), Le
Roy Ladurie (1967) and Lamb (1977)) have performed a pioneer work in this
field.

The variety of historical archives of the Hudson's Bay Company per-
taining to the Hudson Bay area of Canada has given 1o the science a source of
information unique in North America. After the important study of freeze-up
and break-up of MacKay and Mackay (1965), a method called “Content
Analysis”, enabling the quantification of these descriptive accounts was
developed. Several recent papers concerning this rich collection of data have
been published: Moodie and Catchpole, 1976, Moodie, 1977, Moodie and Catch-
pole, 1975, Catchpole and Ball, 1981, Rannie, 1983. These apply particulatly to
frecze-up and break-up cvents of different rivers emptying into Hudson Bay.
These 18th and 19th century instrumental data have been checked and quality-
controlled by Ball and Kingsiey (1984) and Wilson (1982, 1983) for,
respectively, the southwest side and the east side of Hudson Bay. Using other
sources, Hillaire-Marcel e7 o/, (1981) have reconstructed climatological series
back to 1840 for several cities in southern Canada.
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Snow geese migrations were proposed vy Ball (1983) as a means of
reconstructing southerly winds for northern Manityba. Some correlations are
clear but problemns arise because of possible mistakey, identity or amalgama-
tion of species by the Hudson’s Bay Company obseryers (Davies, personal com-
munication), and alsa because of the higher influence of weather conditions in
southern Manitoba rather than in northern Manitoba.

Tree-ring indices are presented in Cropper and Fritts (1981) for
Nouvean Québec and Labrador, by Parker ef af (1981) and Payette er af (1984)
for the eastern coast of Hudson Bay, and by Hansell er ¢/ (1984) for the west-
ern coast of Hudson Bay.

A first linkage between the biophysical and historical kinds of
proxy data was attempted by Jacoby and Ulan (1982) who found a
relationship between freeze-up dates of the Churchill River and tree-ring series.
The reconstruction of these dates does not show any trend, which is contrary
to our own reconstructions as will be demonstrated later.

The aim of this paper is to use systematically both kinds of proxy
data for producing reliable climatic series. The amalgamation of the reliable
but discontinuous historical series with the continuous, widespread, but not
always perfectly understood tree-ring series, is conceptually a synergistic tool
for pateoctimatological research.

First, a statistical method, the transfer function, 15 employed,
Introduced by Imbrie and Kipp (1971) for planktonic foraminifera, and
improved by Fritts ef &/ (1971) and Blasing (1978) for tree-rings, this method is
based on a calibration of a regression between recent climatic sertes and tree-
ring series and the extrapolation of the climatic series using the corresponding
tree-ring data. The reconstructions will be improved here by the analogue
method suggested by Alt (1983).

2. PROXY DATA

The first group of data which is taken from Moodie and Catchpole (1975) con-
sists of freeze-up and break-up dates of rivers entering the western shore of Hud-
son and James Bays. Several categories have been defined by the authors for
coding and three are used here: first freeze-up (cat. 1), complete freeze-up (cat.
3), first break-up (cat. 5). Six locations are used: (1) Churchill Factory 1 (1718-
1739 and 1783-1866); (ii) Churchill Factory 2 (1740-1782); (iii} York Factory |
(1714-1791); (iv) York Factory 2 (1791-1851); (v) Fort Albany (1721-1867); {vi}
Maoose Factory (1736-187H). The Churchill and Moosonee series have been
extended to the modern period using recent data (Allen, 1977). Locations are
given in Figure |.

A second group of data is provided by Rannie (1983) for the Red
River at Winnipeg (1798-1981): (i} freeze-up dates from October I; (i} break-
up dates from March 1.

Ball and Kingsley (1984) provide monthly temperature data for

J Guiot / Reconstruction of Seasonal Temperatures and Sea-tevel Pressures 13
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York Factory {(1774-1910) and Churchill Factory (1768-1769 / [811-185R). The
York Factory serics are the most numerous, but the Churchill data can be con-
nected to recent observations (1932-1983). These two monthly series have been
transformed into eight seasonal series: winter (DIF), spring (MAM), summer
{11a) and autumn (SON).

Seven tree-ring series are added {Figure 1). Three are taken from
Cropper and Fritts (1981): (i) white spruce ting width indices from Nain,
Labrador, 1769-1973; {ii) white spruce ring width indices from Border Beavon,
Labrador, 1660-1976; (iii) larch ring width indices from Fort Chimo (now
Kuujjuaq), Quebec, 1650-1974. Also, two are taken from Parker et af (1981):
Cri Lake, Quebec (near Poste-de-la-Baieine, now Kuujjuarapik) -ring width
and maximum density indices. Finally, chronologies developed by P. Scott and
collaborators {(Hansell, 1984) in the Churchill region (Manitoba) are used: (i)
open forest ring width indices for trees older than 160 vears, 1691-1982; (ii)
forest-tundra ring width indices, 1663-1982.

Figure 1 presents the location of the different series and, in Tabie 1,
the identifying information for these 35 series and the most significant clernents
of their correlation matrix are shown.

All of these series are alfected by considerable missing data, but
Table | shows that some are satisfactorally correlated anyway. It is thus possi-
ble to estimate much of these mussing data in the following way. The correla-
tion matrix of the 35 serics is computed clement by element on the maximum
number of observations available for each pair, The eigenvectors and eigen-
values are then computed. The missing data are replaced, afier scaling, by the
corresponding observation of the most correlated series, of it exasts. If it does
not, the next most highly correlated vanable is used. This allows for deduction
of the amplitudes or time variations of the principal components. Only the first
14 principal components seem to be useful to reproduce, with a small account
of noise, the raw data by inverse transformation; more details are given in
Guiot {1985h - in press). Thus, 35 scries, complete for the period 1700-1979,
are constructed. The quality of the estimation of missing data is verified by the
comparison of estimated and actual values when they are available. The correla-
tions calculated in this way range between 0.70 and .92, except one (for CHSP:
(0.40), which are highly significant.

Further verification of the quality of the estimated data is given by
computing correlations between series representing similar climatic factors
(Table 2}. These indicate very good results. In order to minimize local factors,
the 28 historical series are snerged into these 15: The three categories for Chur-
chill 1 and 2 are reduced to 3 series {CHU1, CHU3, CHUS); same for York {YOR1,
YOR3. YORS); Albany and Moosonee are condensed into one station (MOO1.
MQ03, MOOS); the two river ice series in Winnipeg, WINB and WINF are kept
integrally; and the temperatures for Churchill and York are averaged (CYWI,
CYSP, Cysu, CYAaU), The annual mean is denoted by ¢yan. These 16 series and
the 7 series of tree-ring ones are shown as Figure 2a to 2d. Figure 2a also

J. Guiot / Reconstruction of Seasonal Temperatures and Sea-level Pressures 13




TaBlLE1  The proxy sertes and the most significant correlations (number of degrees of freedom).

name label vorrelation | cerrelatien 2
£ Churchill 1 cat | CHILL CH21L 0.94(5) CHAU 0.67(24)
:I cat 3 (CH13 CH23 (.84 (54) YOI3 .45 (54)
X cat § CHI> CH2s (LBE (B3) YTSP 0.47{19}
\ Churchill2 catl CH2L CHII (.94 (5) YTAL 0.85(5)
\ cat 3 CH23 CHI3 0.84(54) YTAU 0.66 (8)
cat § CH23 CHI3 QBB (83) YTSP -0.514{27}
~ York 1 cat | YOIl MOO) 0350 CH21 0.38 (38)
{ cat3 YOL3 ALB3 0.56(71) YTAU 0.94 (&)
cat 5 YOIi3 Y025 0.94(7) YTSP ~0.58 {10}
York ? cat | Y021 CHWI (.68 (10) CH23 0.64 (8)
catd YO23 MOO3 0.70436) YTaU 0.68(13)
cat§ Y25 YO15 0.94(7) MQO35 0.52(45)
Albany cat | ALBI MOO1 0.76{130y YTAU 0.70(23)
cat 3 ALR3 MQOO3 0.65(115)  ALBI 0.65(141)
catd ALBS MOO3 080130y YOS 0.49(45)
Moosonee  cat | MOOI ALBL 0.764130y  YTAU 0.71(23)
catd MOO3 ALB3 D.AS{113y YO 0.70(36)
cat§ MOOS ALBS 086{130y YOS 0.49(45)
Winnipeg freeze-up WINF MOO1 0.45{54) YTAU 0.50(28)
break-up WINB Y025 0.52{45} YTSP -0.46(29)
York temp.  winter YTWI WINB -0.34(38%) MOG3 -0.34 (3D
spring YTSP WINB -0.44(33) CH25 -0.48(23)
summer YTSU CHSU  0.89{d) YTWI  -0.34(23)
autumn YTAU YOI3 0.94 (6} MOQOOI 07123
Churchill winter CHWI] YO5 -0.52{10 YTSP -0.62(6)
spring CHSP YO25 —0.74(9) CHSU 0.45(57)
summer CHSU Y023 0.65 (8) YTSU 0.89(4}
autumn CHAU Y021 0.86(8) CHI1 0.67(24)
TREE-RING SERIES
Border Beacon {Lab) BEAI NAII 042(280) CH23  0.32(3%)
Fort Chomo {Québec) CHI CRII 0.32(280) YTSU 0.37(42)
Lac Cri(Qué) width CRIT CRID 0.300280) CHSP  -0.28(b4}
Lac Cri (Qué) dens. CRID NaAll 0.26(280) CHSU 0.25 (600
Main (Lab} NAll BEAL 0.42(280) CHSP -0.1] (64}
Churchill open forest CHOF Y025 .50 (45) CHSU 0.22 (600
Churchill for. tundra CHFT YOI3 -0.33(77) YTSU 046G (42)
TABLE 2. A [ew correlations between completed series.
variables COTT, variables COIT. variahles Cort.
CHI1-¥VH2I .86 CHI3-CH23 0.78 CHI15-CH25 0.86
YO11-YO2I .81 YO13-Y023 0.72 YO15-YQO25 080
ALBI-MOQUOI .81 ALB3-MOO3 0.76 ALBS-MOO5 0.87
YOWIL.-CHWI X4 YOSP-CHSP {0.68 YOSU-CH5U 0.61
YOAU-CHAU .75
16 Climatoelogical Bulletin / Bulletin climatologique 19(2) 1985

a) Freeze-up and break-up dates: Churchill Factory, York Factory. {Julhan Date)
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b} as in a: Fort Albany. Moose Factory. {Julian Date) ¢) Temperatures at Churchill/York Factory {°C)
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d) Tree-ring indices.
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shows clearly that the freeze-up dates have a positive trend from 1880, con-

trary to the reconstruction of Jacoby and Ulan (1982}, If the calibration (1741-
1764) of these authors is examined, it is clear that late freeze-up during the
period 1741-1750 is underestimated and early freeze-up during the period 1750-
1764 is overestimated. The break-up dates show the same trend. These are
related 1o an increase of spring and autumn temperatures. In Winnipeg the
increase seems to begin 10 years earlier. The temperature series confirms the
trend except for spring and summer (possibly an error in the estimations). For
the tree-ring chronologies, different trends are identified and the maxima of the
growth are not in the 20th century: internal plant processes and poor removal
of the tree-growth trend may cause this discrepancy between ice and tree-ring
data,

3. METEORDLOGICAL DATA

Between 6 1°W and 105°W and between 47°N and 73°N, the meteorological net-
work of the Atmospheric Environment Service (AES) of Canada is composed
of 67 stations with long series of air temperatures and 27 with sea-level pres-

sure (SLP) (Table 3). Although the analysis peried is restricted to 1925-1983
for temperatures and 1953-1983 for SLP, the many missing data (between 10
and 50 % according to the station) may bias the results. The missing data are
estimated using the corresponding data of the most correlated station.

A further check on the validity of the reconstructions is to subjec-
tively decide whether the time / space patterns which emerge make sense from
a synoptic climatology viewpoint. Recent trends of the Canadian climate are
presented in Thomas {1975). A brief seasonal description of general patterns
will help in the understanding of the final reconstructions.

In WINTER (DIF), low pressure often occurs over the Atiantic coast
and a high pressure cell is located over the Yukon Territory. This induces a pre-
vailing north-westerly flow. In early winter, a positive thermal anomaly (with
respect to latitude) is located over the Hudson Bay eastern coast (Bryson and
Hare, 1974) because of the delay in the freeze-up. Arcticair masses receive consid-
erable heat and moisture from the Bay before reaching Quebec. The
atmospheric circulation is essentially meridional. In SPRING (MAM), the main cen-
tre of the high in the west of the Bay shifts southeast and the Atlantic low pres-
sure zone fills gradually (Hufty, 1982). The heating of the land mass in western
Canada induces a strong thermal gradient from the Mackenzie River to James
Bay (Bryson and Hare, 1974). The thermal anomaly over Quebec is now nega-
tive because of advection from Hudson Bay and the atmospheric circulation
becomes more zonal. [n SUMMER (JJA), the Arctic Front has a mean trajectory
close to the tree-line (extending southeast from Churchill to Nouveau Québec
through James Bay). A negative thermal anomaly is located over Hudson Bay
and over northern land regions having continuous permafrost. In AUTUMN
{SON}), the low pressure deepens again. Hudson Bay is not frozen until year-

1. Guiot / Reconstruction of Seasonal Temperatures and Sea-level Pressures 21
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1ABLE 3. Meteorclogical stations used in the study. “p indicates the use ol:lhc pressure dat_a and end, thus a positive thermal anomaly is induced. The Arctic Front is forced to
~** the absence of the temperature data. Latitudes and longitudes are given in degrees and minutes a mare somher]y pl)sition until the end of December (Bryson and Hare, 1974).

and elevations in meters. The late season is more homogeneous, with fewer local anomalies.

station fat.  long. elev.  station lat.  long clev. ‘ The 67 temperature and the 2T-SLP series can be reduced to few
NORTH-WEST TERRITORIES independent var1able§ representing the basic structure of the meteorological
BakerLake p 6410 9600 0 Chesterfield p 6320 9043 6 networks using principal components (PC) analysis. )
Coral Harb p 6412 8322 &4 Ennadai Lake p 6LO0B 10055 325 For each season, the (67x67) correlation matrix of the temperatures
Jenny Lind 1. 68.39 10144 37 Pelly Bay p 6826  §9.46 326 is transformed into cigenvalues and eigenvectors. The eigenvectors are in fact
Sheppard Bay 6849 9326 5L Arctic Bay B0 8518 11 the components and the eigenvalues, in decreasing order, are the proportions
2;2':;:::" o 2:;; g‘:;‘; ;;; g:;:g}:gp?rl' :;:gz ggjz 3;? of varian.cc explained. The first four PC's explain approximatively 9.0% of the
Clyde p 7027 6833 6 Dewar Lake 5830 7114 518 total variance for each season, except for the summer case where this is
Frobisher B.  p 6345 6833 M Gladman Pt A 6840 9748 25 reduced to 82.5% (probably due to a larger variance concentrated in the
HallBeachA p 6847  BLI5 8 Lake Harbour 6250 6955 16 smaller scales). The structure of the PC matrix is similar for the four seasons,
LongstaffB. p 6857 75.18 162 Mackar Inlet p O6B.18 8541 399 while the relative importance of the components varies.
g:;;:;g;:;n L 1: 2;:2; ;;i? :? Pond Laler 7241 EC The first PC is called “facteur de taille™ (Benzécri, 1973). This

means that it represents the common variations of the network, when all correla-
MANITOBA tions are positive (inducing same sign projections of the stations over this first
Brochet p 5753 10140 M9 Churchill P S84S w44 29 PC). It is maximum for autumnn, the most thermally homogeneous season. The
Gillam 5621 9442 138 Norway House 33159 9750 219 second PC has a north-south gradient, the third has a pole in the east and the
\T*:":';:f:: . g:jg zggg i:; Lynn Lake LN Al fourth in the west. The north-south contrast is maximum during Summer

because of the Arctic Front. It is evident that main features of the climate of
ONTARIO the Hudson Bay ares are shown by this preliminary analysis.
BigTroutL. p 5350  89.52 219 Cent. Patricia SLI0 %009 N The (27x27) correlation matrix of the sea-level pressure is trans-
E.ar Falls 56.38 93.13 36} Lansdowne Hous. p 5214 8753 256 formed similarly. The first four PC’s together explain from 83,7 % of the vari-
3:,?::;’““8 :;f; 32:(1)3, 3?3 g:hl; :I:IZA P i;$ Z‘I";g ;_E’: ance (summer} to 94,56 (winter). Here winter resulis are different because of
Earlion A 4742 79.51 243 Fort Albany 211 8 L5 15 larger scales of variations, however the same north-south and east-west gra-
Haileybury 47.27 79.38 215 Heaslip 47.48 79.50 122 dients occur. The “facteur de taille” is weak for summer and absent for
Troquois Falls 4845 804D 259 Island Falls 4935 BL.22 218 autumn. For these seasons, negative correlations are present between some easi-
Kapuskasing p  49.25  #226 218 Kapuskasing A 4925 8228 226 ern and western stations. This seems to be related to the position of the Arctic
;‘;‘;i':je:' o g{]’z gggg 1?3 x:;‘ﬁii’::' :;2;’; ;zig }2: Front; a relatively small value of the sea level pressure in the north-east is
Smoky Falls 50.04 8210 183 Timmins o 4830 8120 335 related to a more northern trajectory of the front and thus to SLP with
Wawaitin 4821 8124 271 relatively large values in the South,
QUEEBEC
Abitibi Post 48.43 79.22 259 Amos p 4834 78.07 305 4 TRANSFER FUNCTIONS
Chapais 4947 7452 402  Chapais? 4947 7452 36
f:';’f,”mgi"‘a“ ::i: §ﬁ§ ;Zﬁ z:r;ﬁ;urge igjg ;3?2 2;3 The basis of the transfer function is a regression equation which is calibrated
Mistassini P. 50.30 7355 383 Nitcheguon p 5312 7054 515 over a recent period where meteorological and proxy data are available. Then
Senneterre 4824 7715 316 Vald'Or p 4804 7747 33 Equation | is applied to ancient proxy data so that an estimate of past climate
Inukjuak A p 5827 7807 20 Kuujjuarapik p 5517 7746 14 is deduced:
C. Hopes Adv. 61.05 6933 73 Kuujjuag p 3806 6825 37 n
Schefferville 5448 6049 522

y= 2 a X (n

where y is a climatic parameter, the x, are the m proxy variables, and the a, are




the corresponding regression coefficients. Here, the calibration period is set 1o
1925-1979 and the extrapolation is extended back to 1 700. For each seasonal ther-
mal parameter, a set of meteorological variables is defined by the first four princi-

TABLL 4. Standardised regression coefficients {multiplied by 10) of the 4 PC versus the proxy
variables for the 4 seasons.,

pal components (see above) and the set of proxy data is composed of 16 variable time \3{»;1}33114 SIPR;N? . S}M;M‘Eli AIUEU;'”:
historical series and 7 tree-ring series (Figure 2a to 2d). _ b -
The summer temperature is used to illustrate the method. Seven- f:t‘::::: I‘ i :Il fl _+|2_£|
teen regressors are selected: (i) the 7 tree-ring series for their evident relation Churchill 5 N 1414041 OO0 0]
with the summer climate; (i1) the same 7 one-year lagged series because of the pos- York 1 I S0+
sible persistence of the climate effect on growth; (iii) the historical series CYSU York 3 t HI+3+1+2
of summer temperature in the Chuchill/York region; and (iv) the Winnipeg icc York 5 t H+2-0-0 Sl-t-0-
condition series, WINB and WINT, in order 10 introduce scuthern variables. Moosonee | ! S3A-2-2
. . . Moosonee 3 1 -1-1-1+1
TherPCrs of Vthcse 17 TEgIesSOrs are cumputcd_ Thirteen are kept, Moosonee 5 . 0+ 01 O+ 42 -2
using the pve criterion (ie. the PC with a cumulative eigenvalues product larger Winnipeg tr. t +24+0+0+2 F2H3H]H0
than 1: Guiot, 1985a). A canonical analysis between these 13 PC’s and the 4 cli- Winnipegbr. 1 -31-1-2-0 4240433 +2-3-1-2
matic PC’s is performed and an inverse transform cnables one to deduce the Ch/York Win. 1 i 2
regression coefficients between the four PC's and the 17 regressors (Blasing, Ch/York Spr. 1 6+2-1-6
1978}. The results (Table 4) show that the first PC has the best fit (R?=0.67), Ch/York Sum. 1t -3-1-0-2
and as it explains the fargest part of the variance of the network (41.5%%), it can Ch/York Aut. ¢ 204040
be said that the main characteristic of the summer temperature is well restored. Bord. Beacon 1 D +5-1 42 H0-3-2+40 +l-1=2+42 T0-1+0+i
Table 4 also shows that the tree-ring series are best related 1o the summer 1empera- E‘:LC;&” : :{l’;: :':?_'01 '(I] +; :1] ;’2 '§ :(3] :r';f :O:Ioj'f;l'
ture. CrL.dens. 043421 CLHI4240 334240 223343
The next step is the application of the regression coefficients to the Nain { 132403 +3-240-1 FI-0-0+1 +242 040
whole proxy series {1700-1979). This gives an extrapolation of the thermal PC Chur. O.F. t -2-1-0 42 —0+0+1 42 + -4 -2 -1 -0-0-1
which must be retransformed 1o the original series. Arbitrarily, six stations are Chur. F.T. L +3-142-2 tL-242-1 HI-041-1 ti-00+3
selected to represent the network and the assoctated proxy series: (i) Churchill, Bord. Beacon 1+l 4+2-142+0 0-1-1+0 +24241 0
northern Manitoba; (ii) Red Lake, western Ontario; {iii) Moosonee, northern Fort Chima t+1 =20 4143 -0+ -0+l ~3-1-2-2
Ontario; {iv) Kunjjuarapik, central Quebec; (v) Kunjjuag, notthern Quebec, ('“ L.RW. t lelﬁjj—zz ?:?_;3 *;2 :;1:]1;; ':
(vi) Nottingham Island, southern Nwr. Table 5 shows the loading factors of (I;I;Ii:: dens. :: U441 :l ;4+0 +0;0 1222 ;2
the six stations on the four PC's. These loading factors, are, in fact, the Chur. O.F. 1 1414040 -2 -1 zol-l
weighted averages {in inverse function of the distance) of the loading factors of Chor. F.T. tt1 +1-2+0 -0 +1-34+1+1 H142 042
the neighbouring stations, used to improve the regional representativeness. Churchill | -1 L1 40-0-1
They specify the retranstormation back to the selected stations. The goodness Churchill 3 t-1 HOHO+HL D
of fit can be checked for 1925-1973 by the curves presented in Figure 3¢ the York | t-1 Hl40-1-1
worst disagreeements are found for Kuujjuarapik, but generally, the fit appears L‘:z:(mee X :': ‘f ;1] t;:
good, . . . Meoasonee 3 -1 ~-l-1-2-2
1t is necessary to check the stability of the reconstructions by using Winnipeg ir. -1 IR
series starting before 1925, Raw data (before estimating the missing data) are determ. coefT. 6537 44 43 57345359 674942 37 72 46 53 39
used. First, the correlations between the reconstructions and the actual values F-value 532 2. 313 4. 6.3 2 1. 6.2 32

for the six stations are given by Figure 4. These correlations (their average is
(1.54), with degrees of freedom ranging trom 30 10 40, are all significant at the
(.0 1-level, except for Nottingham (R=0.24). Nevertheless the reconstruction for
Nottingham Island is significantly correlated with the actual values of Chur-

chill (R=0.61), but sincc therc are no avzilable proxy data at chis site, further
explanations of its climatic peculiarittes are not offered. For an independent verifi-
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FIGURE 2a) Winter Temperature FIGURE 2b)  Spring Temperature
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FIGURE 3. Calibration of the seasonal temperature in six stations: the dotted lines are the
estimates and the undotted lines are the actual observations. Solid lines represent the filtered
series (the cut-off period of the filter is 7 years).
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FIGURE 2¢)  Summer Temperature
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FIGURE 2d) Autumn Temperature
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1aBLE S Loeading factors of the 6 stations vs. the 4 PC far 4 seasons; these are the cigenvectors
{averaged on a regional basis) multiplied by the standard deviation of the corresponding PC and
by this of the corresponding station, sa that the reconstructions are in °C.

Red L. Moos. Kuujjar. Kujjuagq Church. Naottingham
Winter:PC I -1.79 -1.45 -2.26 -1.79 -1.86 -1.27
2 90 L9 28 -1.53 00 -1.52
3 24 .23 -.57 =77 A6 -1.27
4 —-45 23 .00 26 - 46 00
Spring:PC I -147 -138 -1.7% -1.58 -1.54 -1.13
2 -.74 =31 -.55 79 00 64
3 -3 -15 22 59 -39 64
4 -14 A5 00 00 -39 -32
Summer:PC 1 -1.05 -1.12 -1.54 -.58 -.5% -28
2 15 -.14 =22 -.63 -4t -.k4
3 60 14 -2 -.63 27 -.56
4 00 00 0 25 -4i -.28
Autumn:PC | I -1.38 -135 -2 -1.58 —-1.08
2 50 A6 .15 -42 20 -.62
3 A7 A0 -.15 -.28 .60 -3
4 -17 -5 15 .28 20 31

cation, it is necessary. sometimes to use distant stations. Nevertheless, the
intercorrelations are sufficiently high so that large scale climatic variations can
be analyzed. Data from three meteorological stations are available: {i) Fort
Hope (Ontario), with 17 years of valid observation in the 1891-1930 interval,
(i) Moose Factory {Ontario), with 48 observations in the 1877-1938 interval;
{ii)) York Factory (Manttoba), with 42 observations in the 1714-1870 interval.
The first two can be used 1o check the reconstruction of Red Lake, the second
for Moosonee and Kuujjuarapik, and the third for the others. The correlations
are presented in Figure 4. Their average is, 0.42, which is close to the fit over
the dependent period: the reconstructions are thus stable in spite of a relatively
modest fit. A last signal check is given by computing the correlations with the
longest series: (i) Norway House, Manitoba, with 38 observations between
1885 and 1968; (ii) Cochrane, Ontario, with 63 observations between 1910 and
1979; (iii) Mistassini, Québec, with 35 observations between 1885 and 1980, It
is clear (Figure 4) that these are also significant (R == 0.50).

The same procedure is applied to the other threc seasons. As
presented for summer, Table 4 shows the regression coefficients, Figure 3
shows the accuracy of the fit and Figure 4 the venfication correlations. It is
clear that these seasons are better reconstructed than summer. As tree-ring
series are more related 1o summer temperature and ice condition series are
more related to other seasons, this beiter fit demonstrates that hustorical series
have clearer linkage with climate than tree-ring series. The correlations with
actual values over the calibration interval are larger than 0.70 and close to 0.50
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VERIFICATION OF THE RECONSTRUCTIONS
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FIGURF 4. Correlation coeflicients between the reconstructions and the actual obscrvations,
These are computed, aver the 1925-1979 calibration imerval, for the six selected stations, over vari-
ous intervals extending maximum over 1714-1938, for three other stations (Fort Haope, Ont.,
Maase Faciory, Ont., York Factory, Man_), and over various intervals extending maximum over
1885- 1979, tor three other stations (Norway Houose, Man., Cochrane, Ont., Mistassini, Queé. ).
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over the independent interval. Finally, six series, for four seasons, are avail-
able. Six annual series are produced by averaging the four seasons.

This kind of verification is not adequate to check the reliability of
the trend, because the reference series are too short. The historical series of
annual temperature, given by Ball and Kingsley (1984), will be used to verify
the goodness of fit of the trend tor our reconstruction of Churchiil's annual tem-
perature, Six periods are defined according to the availability of the data
{Table 6). Both series are compared to their mean and the anomalies are com-
puted for the six periods. The evident discrepancy shows that the trend is not

well reproduced. This conclusion can probably be extended 1o other reconstruc- |
tions. Some procedures for improvement will be examined below. Only the
final reconstructions will be presented in Figure 5. i

5. ANALOGUE METHOD

In the preceeding section, the transfer function enabled one to fit very well the
interannual variations, but not the trend, Essentially, the transfer function,
which extrapolates the information contained in the reference set, is dominated
by the higher frequencies, which control the fitting criterion and finally the
extrapolation. An alternative method is now proposed which was also used by
Alt (1983), but in a qualitative way. The current data, between 1925 and 1979,
are considered as a reference set which contains all possible scenarios of the cli-
mate between 1700 and 1924. So, for each year from 1700-1924, an analogue is
searched for in the period 1925-1979. The selected scenario is considered as a
“model” for the historic year. With this method, it is not possibie to obtain a
meore extreme yearly climate than those which are represented in the reference
set; only frequent cold years can be responsible for a colder mean climate than
those included in the reference years. The results will show a posteriori that the
1925-1979 period is sufficiently exhaustive.

TABLE 6 Mean anomalies of the annuval temperature {(ta the 1925-197% normals} in York Factory
{actual values) and in Churchill (estimates} for different periods when historical data are available.
The normal at York is evaluated 1o -7.3°C and at Churchill 10 -6.7°C. The first reconstruction
(FT) is given by transfer function and the second one (FT+A) is given by transfer function + ana-
logues method.

ay winter (°C)

i

]

¥ LI

T

I L]
NOTTINEHAN TSLAND [NWT)

period no. obs York Factory Chur. FT Chur. FT+A

1775-1797 10 -0.24 +0.63 -0.1%

1815-1826 12 -0.04 047 150

1827-1832 6 +1.15 —0.15 -0.05

1838-1852 15 +0.02 +0.38 +0.10

1875-15389 15 .77 .26 033

189%-1910 12 -0.13 +0.27 +0.07

1775-1910C 70 013 +0.07 £0.16
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FIGURE 5. Reconsiructions of the seasonal temperatures for six selected stations; the darker
lines represent the (emperatures smoothed by a digital flter (cut-off period = 7 years).
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In order to achieve the best application of this method, it is neces-
sary to carefully choose the defining criteria of the analogue. The eleven ice condi-
tion series and the seven tree-ring series have appeared exhaustive in the
preceeding section. These 18 variables are transformed into 13 principal com-
ponents, selected by the PVP criterion, as seen in the preceding section, in order
to reduce the redundancy and the noise, Nevertheless all of these variables are
not equally important in representing the temperatures of the region. Canoni-
cal analysis may be used to define the linear combination of the proxy series
which is the most correlated with the temperatures.

The 4 PC’s of the four seasonal temperatures are used as the
dependent set, so that the complete thermal field is considered simulaneously.
In order to emphasize the trend and because the tree-ring series are often
autocorrelated, the 16 climatic PC's are time-filtered as fotlows:

yi =025y +0.50 y, + 0.25 yins 2

where the index f indicates the filtering. This filter has a response of less than
50 % for frequencies larger than %. Finally two groups with a similar fre-

quency behaviour are defined: (I) the 13 PC's of the 18 proxy data sets and (II)
the 16 PC’s of the filtered seascnal temperatures. A canonical analysis (for
details see Clark, 1975) was performed on the 1925-1979 interval, The first 3
canonical axes are significant (0.05 level) according to a chi-squared criterion.
These are computed, for the proxy variables, over the 1700-1979 interval. The
resulting (280 X 9) matrix is used to define the analogues. These have the charac-
teristic to best represent the temperatures, Now it is necessary to define a proxim-
ity measurement. The year k from the 1925-1979 interval is said to be the best
analogue of the year i from the 1700-1924 if:

9
dfi,k) = 2 (X, — X} is minimum (3)
=1
where x,, is the value of the jth canonical component for the year i. For every
year i, the best analogue (k) is found and the thermal regime of year K is
assigned to i, i.e. the mean temperature of the four seasons.

By using a 7-weights low-pass filter (the sdme as used for smooth-
ing the reconstructions of Figure 5), the low frequencies of the series recon-
structed by the analogue method are retained and those of the series
reconstructed by the transfer function are removed. The resulting series are sum-
med and the final reconstructions are depicted in Figure 5.

Figure 4 enables the evaluation of improvements obtained by the cou-
pling of both methods. [tis clearly better for spring and summer (mean correla-
tion increases, respectively, from 0.52 to 0.6] and from 0.42 to 0.51), modestly
better for autumn (from 0.49 to {.53), and negligible for winter. Table 6 shows
that the trend is now well reconstructed since the anomaly of the period 1775-
1910 is estimated to -0.16°C, which compares favourable to the actual -0.13°C.
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6. RECONSTRUCTION OF THE SEA-LEVEL PRESSURES

An initial observation is that the sea-level pressures are not independent of the
temperatures (Table 7), but that the linkage is complex.

The proxy data available do not allow a direct reconstruction of
the total pressure variation, but only those parts which are related to the tempera-
ture field. A regression is computed between theselected 16 PC's of the pres-
sure field and the 30 temperature series {6 selected stations for reconstruction X
4 seasons / annual mean) over the common 1953-1983 interval. The regression
coefficients are then applied to the reconstructed temperature series from 1700
1o 1979. A (280 X 16) matrix is so developed, that will define the analogues,
Finally the seasonal SLP series for the 6 selected stations are reconstructed by
using relationship (2) with this (280 X 16) matrix (Figure 6). Table & shows khak SLP

ol Thompson (THOM) and Nottingham Island (NOTT) pre-
vide the most stable reconstructions and the best reconstructed seasons are win-
ter and autumn, Nevertheless, this is not a proof of validity, because the
correlations between both fields are not perfect.

A second possibility of verification lies in a comparison with the
reconstructions by Fritts er ¢/ (1971) for North America, Atlantic and Pacific
Oceans. For Hudson Bay, these authors found winter anomalies of -2 mb in
1731-1735, 0 to 2 mb in 1791-1795 and 1811-1815 and finally 2 10 6 mb in
1890. Figure 6 confirms all except for the 1811-1815 series. The end of the 19th
century and the beginning of the 20th are characterized by annual mean high pres-
sures, while the 80 previous years are designated by low pressures, which
appear also in the reconstructions of Fritts er al. This is encouraging and will
be discussed below,

7. TREND ANALYSIS

The 1700-1979 interval can be divided into eight 35-year intervals, which is
close to the standard normal period for climatological data (the standard num-
ber 30 is not chosen because it does not divide 280). The reconstructed tempera-
tures and SLP are averaged for each 35-year interval by steps of 17.5 years.

In winter (Figure 7a), two temperature maxima appear 1) at the
end of the 18th century and 2) the middle 20th century in the East, and,

tabLe 7 Multiple correlations between the PC of the SLP and those of the temperature,

PCSLP Winter Spring Summer Autumn
1 0.76 0.85 0.75 0.79
2 0.75 0.88 0.85 0.82
3 0.38 0.78 0.75 084
4 0.75 0.82 0.72 0.84
total 0.77 0.85 0.79 0.81
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&) annual {(mb}) TABLE 8  Verificalion of the stability of the correlation between recanstructed SLF and actual
temperatures, The stations are represented by the first four letiers except KUUT = Kuuguarapik,

1 i KUUA = Kuujjuag, MOOF = Moose Factory. ndf = number of degrees of freedom. Only the
o parameters with at least a significant correlation are presented.
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CHURCHILL (MANITORRA) around 1840 and slightly earlier (1910-1945), in the West. Between these max-
';'zl Lldne il leds i L I ima, the winters were cold, mainly in the East. For the SLP, the important
103 . - . -
o ] { YA peak in 1875-1910 has no thermal correspondence. It is possible to summarize
o I | Ay R | b the zonality of the atmospheric circulation by the difference between the two
1o ! ! l ! H points of extreme latitude, Moosonee and Nottingham, and its meridional char-
b = - -~ - o acter by the difference between two points of extreme longitude, Thompson

D00 i
NOTTINGHRM [SLAND [NRT) and Kuujjuag. The warm periods in the East and South-East (late 18th century

and 20th century) were characterized by a weak meridional circulation. The max-
ima in the West were marked by a weak zonal and strong meridional circula-
tion. The Little Ice Age, finally, has been depicted by winters with strong
meridional circulation favouring polar air invasion to the South and East.

In spring (Figure 7b), the temperature seems to have the same pat-
tern behaviour as in winter, but the amplitude of the variations is smaller, In
the East, the SLP seems positively correlated with the temperature (ex. Knujjuara-
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pik: minimum of SLP and T around 1735-1769 and maximurm around 1875
1909). In the West, the correlations seem to be negative, since the SLP's are
relatively low in the 20th century. Table 8 confirms this. The zonal and
meridional circulation indices are defined at the bottom of Figure 7b. It is
clear that temperature increases of the 20th century were accompanied by an
mcrease of zonality and a decrease of the meridional circulation. The Little lce
Agcwas characterized by a less intense zonal spring circulation and a less domi-
nant Atlantic low pressure regime.

In summer (Figure 7c), the temporal variations are the weakest.
The SLP pattern seem to be divided between two groupings according 1o the
means and the variations: Nottingham and Kuujjuag located often to the
Northor on thetrajectory of the Arctic Front and the other stations more fre-
quently situated to the south of this front. A positive correlation seems to exist
between summer temperature and SLP for the southern stations, as warm air
masses more frequently invade the northern regions. For the north-eastern sta-
tions, the linkage is more complex. The SLP difference between Thompson
and Kuujjuag, summarizing the meridional character of the circulation (and
thus the warm air invasion to the North}, is related negatively with the tempera-
ture tn the South and the West.

[nautumn {Figure 7d), the maxima take place in a more synchro-
nous way at the end of the 18th and middle 20th centuries. PC analysis has
shown the relatively homogeneous character of this season. The temperatures
are wevards  correlated with the SLP gradient between East and West (Figure
7d, at the bottom). The Little Ice Age was marked by a strong meridienal circula-
tion in autumn.

The annual mean conditions are summarized in Figure 7e. Salient
conclusions to be drawn are: (i) the Little Ice Age finished at the end of the
19th century; (i1} the annual temperature difference between the warm and cold
periods {35 years) for the stations analyzed is between 0.5 and 0.9°C; (iii) low tem-
peratures correspond generally 1o meridional circulation (the greatest
amplitudes occur during the cold seasons, thereby influencing the annual
means).

& SYNOPTIC ANALYSIS

The 30 reconstructed temperature series are analysed by PC for the 1953-1979
interval. The first four PC’s explains 86.6% of the variance. Table 9 presents
the years which are linked to these PC’s (positive and negative side). This
indicates that cight, not necessarily independent, clusses can be defined (see
below).

The same analysis over 1700-1979 enables allocation of every year
to one of these eighf classes. The classes 1, 4, 5 and 7 are the most frequently
represented during the coldest periods (before 1770 and 1805-1874) and the
classes 2, 3, 6and 8 are the most frequently represented during the 20th cen-




TABLE 9. Temperature variables influencing the most the first four PC and the years which are
associated. C=cold and W=warm, The numbers of the corresponding classes are indicated in
brackets.

PC variable yrars - years +

! annual (111972, 1978 C (211953, 1968 W

2 Summer (opposition with Winter) {3)1955, 1973 W
Winter {opposition with Summer) (4) 1936, 1969 C

3 Spring (5) 1954, 1967 C (B 19T W

4 Autumn (1959 ¢ (B 1G7LW

tury. This analysis describes, in a general sense, the climate of the Little Ice
Age: generally cold with the possible exception in winter (mild winters are some-
times associated with coid summers). The year 1972 is the best approximation
to represent this state.

Synoplic maps are presented ( Figure 9) which show the geographi-
cal distribution of the climate patterns of these extreme years. Temperatures
(°C) are expressed in terms of departures from the 1925-1983 mean (Figure §)
and SLP {mb) in absolute units (Figure 9}. Class |, represented by the two
vears 197271978, depicts the years with low annual temperature (-1 to -2°C).
The maximum anomalies occurred in summer and autumn. Figure 8a shows
maximum anomalies in the North. This class is in contrast with class 2 (19537
1968) having an anomaiy of | °C mainly around Hudson Bay and Quebec (Fig-
ure 8b). Clear differences are evident for the SLP fields between Figures 9a and
9b. A cold year corresponds to a strong pressure gradient (7 mb) with deeper
cyclones located more to the North. A weak gradient (less than 3 mby) is character-
istic of a warm year. Figure 8¢ shows that the warm autumn anomaly is
important for northern Manitoba, Hudson Bay and Figure 9¢ shows that the
high SLP extends to the West and the South, but the gradient is only 4 mb,
while for a cold autumn, it can be 10 mb.

Class 3 (1955/1973) is characterized by a warm summer (1°C 10
29C) and a cold winter {0°C to -2°C). The summer anomaly is maximum in
the North-West (Figure 8d) and the winter anomaly is important in the North
(Figure 8e). Class 4 is the opposite to class 3 (195671969}, with coid summers
and warm winters. The winter positive anomaly isimportant in the East (Fig-
ure 8g} and the summer negative anomaly is important in the South-East {Fig-
ure 8f). Comparisen of Figures 9d and 9f shows that high pressures climb to
the North and Atlanticlow pressures are deeper in a cold summer. Compari-
son of Figures 9e and 9g shows that warm winters are characterized by a gener-
ally higher SLFP over the whole region and also be a stronger barometric
gradient.

Class 5(1954/1963/1967/1970) is characterized by a cold spring (Fig-
ure 8h) related 1o a northerly flux with strong highs in the West (Figure 9h).
This is verified by comparison with the warm spring (Figures 8i and 9i) of class
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6 (1977), when high pressure extends over the North-West and South, making
a south-western flux.
The autumn of ctass 7 is cold (Figure 8j} mainly in the South-West.
The north-castern lows are deeper than usual (Figure 9j) and western highs are
located in a more northern position. Class 8 (1971) has no particular anomaly.
In conclusion, the years 1972/1978, 1956/196% and 1959 seem to
be good models for the Littie Ice Age. The temperature was cold during the
whole year except during some winters which were sometimes milder in Que-
bec. A cold spring and autumn often prolonged the winter season mainly in
the West. Zonal circulation was weak in winter and spring while the Arctic
Front had a more southerly iocation. Other features were deeper Atlantic lows
and weaker western highs.

9. CONCLUSIONS

Two kinds of data have been combined to produce climatic seasonal reconstruc-
tions for a large region centered on the Hudson Bay. Historical proxy series
from the Hudson’s Bay Company, compiled by several authors, are well
retated to climate, but they are characterized by many gaps. Tree-ring data are
continuous; however, their linkage with climate is sometimes complex. It has
been shown that the two kinds of data are complementary. Appropriate statisti-
cal methods permit reconstructions of seasonal temperature and sea-level pres-
sure. First, standard transfer functions show that the available proxy series
network is sufficiently representative of the temperature field for the region.
Thus short-term variations have been reconstructed. Second, an alternative
method, based on the closest analogues, enables correction of spurious long-
term variations, [t seemns that the analogue method alone, may be able to yield
good results as well, but the series should perhaps be first ** prewhitened” to recon-
struct high frequencies. This hypothesis needs to be checked.

From the reconstructions, it is clear that the 18th and 19th centu-
rics were colder than the 20th on both an annual and seasonal basis. Differen-
ces of 0.5 to 0.9°C for annual temperatures between coldest and warmest 35-
year intervals are obtained. These cold periods are characterized by a less
intense zonal circulation in winter and spring, and low pressures linked to a
more southern trajectory of the Arctic Front in summer and autumn. Eight
classes of synopticsituations have been defined, which characterize the tempera-
tures of the 1700-1979 period, Thus the vears 1972/1978, 1956/1969 and 1959
are representative of the cold periods, mainly [805-1839, and the years 1953/
1968, 195571973 and 1977 are representative of the warm years,
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