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Abstract. In mid and high latitudes, the stable isotope ratio gesting limited impacts of moisture origin. Correlations of
in precipitation is driven by changes in temperature, whichcomparable magnitude are obtained for the available obser-
control atmospheric distillation. This relationship forms the vational evidence (GNIP (Global Network of Isotopes in Pre-
basis for many continental paleoclimatic reconstructions us<ipitation) and Greenland ice core data). Our findings support
ing direct (e.g. ice cores) or indirect (e.g. tree ring cellulose,the use of archives of past®0 for NAO reconstructions.
speleothem calcite) archives of past precipitation. However
the archiving process is inherently biased by intermittency of

precipitation. Here, we use two sets of atmospheric reanaly-

ses (NCEP (National Centers for Environmental Prediction)l Introduction

and ERA-interim) to quantify this precipitation intermittency

biasl by Comparing seasonal (Winter and Summer) temperaThe North Atlantic Oscillation (NAO) is known to have Iarge
tures estimated with and without precipitation weighting. We impacts on mid to high latitudes climate, affecting daily to
show that this bias reaches up to°Iand has large interan- seasonal patterns of precipitation or temperature (Wanner et
nual variability. We then assess the impact of precipitation@l-» 2001; Hurrell et al., 2003). This is related to the asso-
intermittency on the strength and stability of temporal corre-Cciated shift in the storm track path leading to a quadrupole
lations between seasonal temperatures and the North Atlantief surface temperature anomalies, consisting of a northern
Oscillation (NAO). Precipitation weighting reduces the cor- “Séesaw” between northern Europe and North America, and
relation between winter NAO and temperature in some area& southern seesaw with nodes centered in the Mediterranean
(e.g. Qebec, South-East USA, East Greenland, East Siberigdrea and the southeastern United States (Pinto and Raible,
Mediterranean sector) but does not alter the main patterns 6§012). While winter NAO has long been reported to af-
correlation. The correlations between NAG8O in precip- fect Northern Hemisphere climate, the impacts of summer
itation, temperature and precipitation weighted temperaturdVAO have also been depicted in specific regions such as
are investigated using outputs of an atmospheric general ciffurope and Greenland (Folland et al., 2009). Instrumental
culation model enabled with stable isotopes and nudged ugecords document large interannual and decadal variations
ing reanalyses (LMDZiso (Laboratoire defi@orologie Dy- in the NAO index (Jones et al., 1997), usually defined as
namique Zoom)). In winter, LMDZiso shows similar corre- the pressure difference between the Azores high and the Ice-
lation values between the NAO and both the precipitationlandic low (Hurrell, 1995). Obtaining longer records is cru-

weighted temperature ant}®0 in precipitation, thus sug- _cial to assess the natural sp_ectrum of NAO variabilit_y and
its response to external forcings (such as changes in solar
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and volcanic activity, or anthropogenic perturbations) and tofrom Norway (Theakstone, 2011). Simulations conducted
evaluate the ability of climate models to capture the NAO with general or regional atmospheric models equipped with
variability (IPCC, 2007). the explicit representation of water stable isotopes have also
Over the last 15yr, several studies have combined dif-depicted a clear signature of NAO in precipitati®h§O over
ferent sets of documentary data and paleoclimate informaEurope (Field, 2010; Langebroek et al., 2011), Greenland
tion in order to propose reconstructions of pre-instrumental(Sjolte et al., 2011) and Svalbard (Divine et al., 2011). This
NAO variability (Appenzeller et al., 1998; Glueck and Stock- imprint of the NAO is also observed in a growing number
ton, 2001; Cook et al., 2002; Casty et al., 2007; Trouet etof tree ring cellulose isotope studies, from Europe (Treydte
al., 2012, 2009; Kittel et al., 2011; Pinto and Raible, 2012; et al., 2007; Saurer et al., 2012; Hangartner et al., 2012) to
Luterbacher et al., 1999, 2000, 2001, 2002). These studieSiberia (Sidorova et al., 2010). A recent study also describes
have used information related to precipitation and/or tempera relationship between a high resolution record of Red Sea
ature in seasonal to annually resolved archives, such as dewgeral 180 and the NAO (Felis and Rimbu, 2010). All these
drochronological series or Greenland ice core accumulationfindings motivate the combined use of direct (ice cores) and
Some stalagmites possess annual laminae (visible and/or flundirect (e.g. tree ring cellulose, speleothem calcite or fluid
orescent) which are used to construct precise chronologiemclusions, coral aragonite) archives of precipitation isotopic
of the past decades or centuries (Baker et al., 1993; Gentyzomposition to reconstruct past NAO variability.
1993; Fleitmann et al., 2009). Thicknesses (frerf.01 to While precipitations180 is related to temperature, it is an
1mmyr1) that are controlled by rainfall and temperature integrated tracer of the water cycle (Jouzel, 2003). In mid and
have been used as proxy for high resolution climate reconhigh latitudes, its variability is driven by atmospheric distil-
structions (Munoz et al., 2009; Tan et al., 2006). Among thelation, which is related to condensation temperature. Con-
rare examples that used stalagmite layer thickness, the ortinental recycling (van der Ent et al., 2010) can also affect
from the Uamh Cave system (North Scotland) showed signif-the precipitation isotopic composition. Likewise, changes in
icant correlation between fluorescent laminae thickness andir mass trajectories can strongly impact precipitatiéfO
winter instrumental NAO index (Proctor et al., 2000; Baker (Sodemann et al., 2008). Such effects can be evaluated us-
etal., 2002; Baldini et al., 2006) and, combined with tree ringing second order tracers such as deuterium excess (Kurita,
data from Morocco, was used to derive fluctuations of NAO 2011) and'’O-excess (Landais et al., 2012), or quantified
during the last millennium (Trouet et al., 2009). The relia- using isotopic models (Sturm et al., 2010). Here, we aim to
bility of air temperature-sensitive and precipitation-sensitive quantify another source of uncertainty, related to precipita-
proxies to reconstruct the NAO has been assessed and cortien intermittency. Indeed, precipitatiéh®0 can only record
pared in a climate simulation for the last 490yr (Zorita climate information when precipitation occurs. Because tem-
and Gonalez-Rouco, 2002), suggesting that the precipita-perature and precipitation can co-vary at daily, seasonal or
tion proxies lead to more robust reconstructions. It should benterannual timescales, this precipitation intermittency bias
noted, however, that proxy records dependent on hydrologynay distort the original NAO-temperature signal in climate
are likely influenced both by dynamical and thermal changesarchives. This source of uncertainty was recently investigated
(since specific humidity depends strongly on local temper-for Greenland, using atmospheric reanalyses (Persson et al.,
ature), as was shown for Maunder Minimum simulations 2011). It was shown that precipitation intermittency (frac-
(Yoshimori et al., 2006). Such proxy records cannot there-tion of summer/winter snowfall and its interannual variabil-
fore be interpreted exclusively in terms of past circulation ity) explained many aspects of NAO-isotope relationships in
changes. different Greenland ice core sites. A number of recent stud-
All NAO reconstructions show large multidecadal vari- ies have highlighted the importance of precipitation and tem-
ability. However, prior to the 19th century, they show a lack perature covariance at synoptic scales (Sime et al., 2008;
of consistency (Pinto and Raible, 2012). This may be duePersson et al., 2011).
to the influence of other modes of variability, which can af- In order to assess the impact of precipitation intermittency
fect North Atlantic climate such as the Atlantic Multidecadal bias on temperature—NAO relationships, we need to have ac-
Oscillation (Delworth and Mann, 2000), to variable telecon- cess to daily, coherent and global precipitation and surface
nections (Raible et al., 2006), to the different source datasetair temperature datasets. For this purpose, we used differ-
(Zorita and Gonalez-Rouco, 2002) and methodologies em- ent sources of information: (i) two atmospheric reanalysis
ployed (Lehner et al., 2012). One way to reduce uncertaintieslatasets and (ii) a simulation conducted with an atmospheric
is to expand the source data (type of proxies and spatial covmodel equipped with water stable isotopes. The use of at-
erage) used for such reconstructions. mospheric reanalyses ensures a physical and dynamical con-
Recently, a significant imprint of NAO has been identi- sistency between temperature and precipitation, and large-
fied in precipitation isotopic compositios’€0) in Green-  scale weather patterns. However, the precipitation amounts
land ice core records (Barlow et al., 1993; Vinther et al., calculated by the reanalyses are prone to biases of the models
2003a, 2010), both in monthly precipitatiét®O data from  they are based on, despite the assimilation of several obser-
central Europe (Baldini et al., 2008) and in dad#?O data  vational products. This motivates a comparison among the
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Fig. 1. Climatologies of CRU-NCEP, ERA-interim, and LMDZiso fields(a) JJAS temperaturé C); (b) DJFM temperature®C); (c) JJAS
precipitation (mm seaSO‘rJr) and(d) DJFM precipitation (mm seasﬁﬂ). The reference periods correspond to 1990-2010 in the atmospheric
analyses and to 1979-2008 in LMDZiso. Note that all the regions with seasonal precipitation values lower than 5 mm seasdneen
masked out.

different reanalysis datasets (see Fig. 1) and with observa2 Databases, simulations and methods
tional data from meteorological stations (see Supplement,

Sect. A). The use of an isotope-enabled model (LMDZis02.1 Atmospheric reanalyses datasets
(Laboratoire de Mteorologie Dynamique Zoom)), nudged

to 3-dimensional wind patterns reanalyses from ERA40, theny,  reanalysis datasets are used in this study: (i) NCEP
allows us to quantify the relationships between prempnanoq—data (Kalnay et al., 1996), modified for consistency with

weighted temperature and precipitation isotopic COMpoSi-cRyy T5.3.1 (Climate Research Unit Time Series) temper-
tion, and to compare directly the simulated NAO-ISOOP€ 4y re gata (Maignan et al., 2011); and (i) ERA-interim data
relationships with observations. (Dee et al., 2011).

After a description of the databases, simulations and meth- The first dataset. CRU-NCEP. is based on a combination of
ods (Sect. 2), the bias induced by precipitation intermittencythe NCEP (National Centers for Environmental Prediction)

is quantified'at different timescales, for winter and Summerreanalysis (Kalnay et al., 1996), covering the period 1948
(Sect. 3). This focus_on De_cember—March (DJFM)_and Junes, 2010 with a 6-hourly 2.5 2.5 spatial resolution, and

September (JJAS) is motivated by the reported impacts ofye cRy TS 3.1 dataset from the University of East Anglia
NAO on seasonal climate variables, and by the ability of (\sitchell and Jones, 2005), which provides monthly climate

some proxy records to resolve seasonal variations (€.9. iCGariaples (temperature, precipitation, cloudiness and relative
cores). We then analyse the impact of precipitation 'mer'humidity) from 1901 to 2010 with 0.5 0.5 spatial reso-

mittency on correlations between temperature and NAO angsion for hoth latitudes and longitudes on land areas. The
compare our results with observations. Finally, key conclu-y4i\y NCEP fields are interpolated to the finer 8.5.5° spa-
sions and perspectives are presented in Sect. 4. Additiongly| orig. and their climatology is corrected for biases with
information is available in the Supplement. the monthly fields from CRU TS 3.1 (for further details see
http://dods.extra.cea.fr/data/p529viov/crungephe objec-
tive of CRU-NCEP is double: first, to correct for biases in the
NCEP dataset because fields such as precipitation or solar

www.clim-past.net/9/871/2013/ Clim. Past, 9, 87886, 2013
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radiation are produced by the atmospheric model and cams compared respectively to CRU-NCEP and ERA-Interim;
show significant biases; second, to improve the resolution oee Fig. 1b), also observed in other isotopic general circu-
the dataset and better account for the effect of orography, taklation models (Steen-Larsen et al., 2011). Note that indeed
ing advantage of the higher CRU dataset resolution. Thusthe model resolution is relatively coarse (i.e. 2.8.75 and
this final mixed CRU-NCEP dataset provides a fine resolu-19 vertical levels) compared to the two reanalysis datasets,
tion both in time (6-hourly) and space (0)5 which are thereby expected to better represent small-scale
In order to assess the robustness of our results, the analglimatic features, especially those related to complex orogra-
sis will be also extended to the ERA-Interim reanalysis (Deephy. As for the two reanalyses, both the temperature biases
et al., 2011), with a resolution of 0.320.72 for the period  due to precipitation intermittency and the spatial features of
from 1990 to 2010. Comparisons between different reanalthe associated NAO fingerprint will be also analysed in the
yses products (see Sect. 2.4) and observations have stresselllDZiso outputs.
the good performance of the ERA-interim spatial and tem-
poral distribution of precipitation (Bosilovich et al., 2008; 2.3 Precipitation isotopic composition datasets
Ma et al., 2009; Chen et al., 2011). The performance of the
reanalyses depends on the assimilation of humidity observaMonthly precipitation 80 data are available from the
tions (Andersson et al., 2007; Janowiak et al., 2010) and th&lobal Network of Isotopes in Precipitation (GNIP) stations
physical parameterization of the models, especially regard{Rozanski et al., 1993) and can be used to assess the robust-
ing atmospheric convection (Jung et al., 2010). Caveats imess of the LMDZiso results. A key limitation arises from
the representation of soil moisture in the NCEP reanalyseshe brevity and discontinuities of most GNIP station records,
have been related to an overestimation of summer land prewith multidecadal information being mostly provided by a
cipitation, due to excessive convective precipitation (Serrezdew central European stations (Baldini et al., 2008). Our anal-
and Hurst, 2000). At the monthly scale, these studies systenmysis will therefore focus on stations located north of RQ
atically report better performance for winter than for summerwhere the main centres of action of the NAO are located.
precipitation. A subset of GNIP stations, for which summer and winter
The robustness of the results obtained using productsneasurements are available for at least 10 yr, was selected to
of atmospheric reanalyses has been assessed by compariagsess the link to the NAO variability. This 10-yr threshold
the difference between precipitation weighted temperatureyields a reasonable spatial coverage and allows for statisti-
and seasonal mean temperature (see Sect. 2.5) from thesal analysis. The data have been combined and re-gridded
datasets, with the same calculations performed using then a 1x 1° grid, resolving the high station density over cen-
ECA&D (European Climate Assessment and Datalstip;: tral Europe. When more than one station is available in a
/leca.knmi.n) daily station data (See Supplement, Sect. A, grid point, only the station with the longest record is em-

Fig. S1). ployed. Under these conditions, 60 stations are finally se-
lected. The selected locations are summarised in the Supple-
2.2 LMDZiso simulation ment (Sect. B, Tables S1 and S2) and their actual locations

are shown in Fig. 8 (right column).
To compare the correlations between NAO and precipitation Greenland ice core data are also used as an independent
weighted temperature with those related to changes in presource of information, but most records are available only
cipitation isotopic composition, a simulation for the period prior to e.g. 1970, limiting the comparison with the most re-
1979-2008 with the isotopic model LDMZiso (Risi et al., cent and reliable part of the reanalyses and with LMDZiso
2010) was employed (Fig. 1). The simulation was nudgeddatasets (Sodemann et al., 2008; Sjolte et al., 2011). In this
with the 3-dimensional horizontal winds of ERA-40 (Uppala analysis, we used a compilation of winter and summer ice
etal., 2005) during the period 1979-2002, and from ECMWFcore data (Vinther et al., 2010) complemented by the new
(European Centre for Medium-Range Weather Forecasts) opdata from the NEEM (North Eemian) ice core (Steen-Larsen
erational analyses thereafter. In both cases, the horizontadt al., 2011). Specific details on the ice core data are given in
winds were interpolated from a regular 1.123.12% grid Supplement Table S3.
to the resolution of LMDZiso before the nudging was ap-
plied. No noticeable discontinuity due to the change in the2.4 Climatologies
nudging data was observed (Risi et al., 2010). Nudging with
the reanalyses allows for a better representation of the synFigure 1 displays the climatologies of CRU-NCEP (1990-
optic and interannual variability of bot#h80 and temper- 2010), ERA-Interim (1990-2010) and LMDZiso (1979-
ature at mid and high latitudes. The LMDZiso simulation 2008) for summer (JJAS) and winter (DJFM). Summer tem-
reproduces reasonably well the spatial and seasonal varigeratures (Fig. 1a) show a general good agreement among
tions of8180 (Risi et al., 2010). However, its simulated win- the 3 datasets. As compared to the reanalyses, LMDZiso ex-
ter precipitations*®0 is overestimated over central Green- hibits a cold bias, most obvious in regions of steep orogra-
land, associated to a warm temperature bias (2.6 antdt36.4 phy such as the Tibetan Plateau, and also at high latitudes

Clim. Past, 9, 871886, 2013 www.clim-past.net/9/871/2013/
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(e.g. northern Russia, Alaska and Nunavut). For winter tem- £ 10
perature (Fig. 1b), the different datasets are also very coher-2 %
208

ent. An opposite bias is observed for LMDZiso with respect & .
to the reanalyses, with comparatively higher temperaturessz '

around Greenland and Northern Yakutia. In these areas, sigé g; 3 WWWW\”/\MWWN
nificant discrepancies are found between ERA-interim and 3
CRU-NCEP. -

The climatologies of precipitation (Fig. 1c, d) reveal larger WWMW\/\WU\N\/\/L
differences among the three datasets. Despite the large dif -

ferences in resolution, the largest degree of agreement, bott ol . 3
for summer and winter, occurs between LMDZiso and ERA- 2k A
Interim. This points to a secondary role of orography as com- — A

pared to the representation of large-scale dynamics, which — LMDz .
is forced to be consistent through the nudging technique. MW\/V\N\/M‘WW
ThethreedatasetSSharecommon rObUStfeatUTES,SUChE vt bt bt bt Ve b ey

the distribution of summer precipitation across the Mediter- 1260 b P B 2000 2010
ranean Basin, northern Europe, southern and central Asia, o .
the United States and southern Greenland, as well as the ref5ig: 2. Monthly NAO indices from 1960 to 2010 defined as nor-

resentation of winter precipitation in the coastal areas of Eu_malized pressures differences between Gibraltar and Reykjavik.

; P ) The lower panels depict individual time series: instrumental data
rope, North America (at midlatitudes) and South-East Green black), CRU-NCEP (red) and ERA-interim (green) analyses, and

!and. The largest discrepancies agam appear at high latitude MDZiso simulation (blue). An 11-month binomial filter was ap-

in regions such as western Russia and northern Greenland.IDIieOI on monthly data to stress annual minima and maxima. Up-
per panel: 25 month running correlation coefficient between the
reference instrumental time series and ERA-interim (green), CRU-

. . . T . NCEP (red) and LMDZiso (blue) outputs.
The biases associated with precipitation intermittency are ex- (red) (blue) outp

pected to differ from one season to the next, for instance due

to different radiative impacts of cloudiness. For each givengss sych as the Sahara: it does not affect NAO-influenced
year, we have therefore calculated seasonal (Decemberyeas. The temperature biases associated to each weighting
Margh., DJFM and June—September, JJAS) temperature angsolution are compared for CRU-NCEP in the Supplement
precipitation-weighted temperature averages. (Sect. C). For the rest of the analysis we will exclusively fo-

The precipitation weighting was tested at three tempo-cs on the precipitation intermittency bias calculated from
ral resolutions: the 6-h step dataset, and both the daily anajly values.

monthly averages of temperature and precipitation. It is cal-
culated with the simplest approach: 2.6 North Atlantic Oscillation index

LU LR L L

Xopur OVN

—— Vinther
ERA

B B om o o B o

2.5 Calculation of precipitation-weighted temperature

Tp.: (year, season, lat, lon Our reference NAO time series is the instrumental index
_ 2, Tom(,lat, lon) x p(z, lat, lon) defined by Jones et al. (1997) and expanded by Vinther et
N >, p(t,lat, lon ’ al. (2003b), calculated as the normalised sea level pressure
where ¢ represents the different temporal resolution (6- Qiﬁer(a_nce pgtyveen Gibralt_ar/ Cadiz and Reykjavik. Follow-
hourly, daily or monthly means); lat and lon are the latitude ing this def|n|_t|on,_ NAQ indices were computed from CRU'
and longitude, respectivelyiz m is the 2m air temperature NC.EP’ ERA-Interim an_d LMD.Z'SO datasets. Al the;e time
and p the precipitation amount (which is the sum of rain- S€"€S correlate well with the instrumental data, as indicated

fall and snowfall amounts). Differences between the 6_hourlygﬁﬁo&rce:lggonF_cerfﬂcgnts"a(ljpgve 0.8 and atr)ound 0'% fk(; r
and daily precipitation-weighted temperature may arise from A (Fig. 2). Small diffierences may be caused by

differences in the diurnal cycle of precipitation and tempera-thg relsotlutlon ﬁf e}tmosghlerlc_dmOQe:s ap:. the ﬁho'ce Of. |n(3|—
ture; differences between the daily and monthly precipitationv.I ual atmospheric model grid points. This coherency Just-
weighted temperature are expected to be caused by the c ies the use of the reanalyses and LMDZiso for investigating

variance of temperature and precipitation at synoptic scales. AO—climate relgtlonshlps n a_reallstlc framev_vork. How-
This calculation is performed for all CRU-NCEP, ERA- ever, the small differences require that, for a given dataset,

interim and LMDZiso datasets, and the respective results ariée UE;ETZ? NAOfmdexr motst conS|sttent W'Il'ihb the daltatszt
compared and discussed in Sect. 3. Precipitation weighte -9- IS0 surtace climate parameters will be correlate

temperature is not computed in grid points where annual prey\”th LMDZiso NAO index; GNIP data with the instrumental

cipitation is less than 5 mm. This threshold allows avoiding "/*© Index, and so forth).
artefacts associated with very rare precipitation events in ar-

www.clim-past.net/9/871/2013/ Clim. Past, 9, 87886 2013
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The choice of an index based on pressure differences iat mid and high latitudes (Fig. 3a). While NCEP suggests a
questionable due to the shifting positions of the NAO pres-small positive bias for high latitude lands, this result is nei-
sure centers of action, both at the seasonal (Folland et alther supported by ERA-Interim (positive bias only for Green-
2009) and decadal scales (Raible et al., 2006; Pinto andnd), nor by LMDZiso (no bias). By contrast, all datasets
Raible, 2012). An alternative definition of the NAO index is depict a cold bias on western North America and around the
based on the first principal component of the sea level presMediterranean Sea, albeit with different magnitudes (smaller
sure field. Although during the summer both the variance ex-for NCEP and larger for LMDZiso). Such a cold bias is sim-
plained and the amplitude of the NAO diminishes substan-ulated in areas characterized by low mean summer precip-
tially relative to winter (Hurrell et al., 2003), this pattern is itation (Fig. 1a) and may be linked with the albedo effect
still captured as the leading mode of SLP (sea level presof clouds, or the impact of evaporation on land temperature
sure) in the North Atlantic, both in the reanalyses and most(Hirschi et al., 2011).
climate model simulations (Bl@&det al., 2012). Note that By computing its interannual standard deviation (Fig. 3c),
the dipole structure is displaced towards the northeast durwe identify regions where the temperature bias is more vari-
ing summer, with maximum positive anomalies in Scandi- able, and therefore where precipitation weighting is more
navia, and negative ones over the Arctic Ocean (Supplemengensitive to internal climate variability. During summer, the
Sect. D, Figs. S3, S4 and S5). This shift might introduce dif-regions with the largest standard deviations are confined to

ferences with respect to the station-based NAO index. the Pacific Coast of the United States, the Mediterranean

Hereafter, “NAO index” refers to this original station- Basin and central Asia. This is observed in the three datasets,
based definition. although with higher values in LMDZiso. Less coherent re-

sults are obtained for the winter season, when the areas with

2.7 Statistical analyses largest standard deviations vary from one dataset to another.

Despite these discrepancies, large standard deviations are

We focus on interannual relationships at the seasonal scalg,nd for northern North America (including Greenland)
(December—March, DJFM and June—September, JJAS). FOfnq northern Asia, as well as North Africa — India (for

each grid point, the interannual relationships between DJFMeRA-Interim and LMDZiso). LMDZiso also produces large
or JJAS temperature, precipitation, precipitation-weightedsiandard deviations near Baffin Island.

temperature (using daily precipitation and temperature data)
and the NAO index was quantified using the Pearson cor 5
relation coefficient, using the CDAT (Climate Data Anal-
ysis Tools) 3.3 toolboxHttp://mww2-pcmdi.linl.gov/cdat

The significance of linear correlations was assessed with &ne correlation patterns between the NAO and the fields of
Student’st test, which takes into account the series auto- jjpg precipitation, temperature, precipitation weighted tem-

correlation to calculate the actual degrees of freedom. NOteperature and'®0 are displayed in Fig. 4 for the reanalyses
that correlations were investigated for different time periods,5nq LMDzZiso.

depending on the datgset_ (e.g. 1979-2008 with LMDZiso, cqrrelations are generally patchy and weak for pre-
1990-2010 for ERA-interim). We have used the NCEP gnitation (Fig. 4a), with significant negative correlations
dataset to assess the stability of correlations over d'ﬁere”Hepicted by reanalyses for Western Europe and north-
time periods (1950-1970, 1970-1990 and 1990-2010; segy siberia; LMDZiso does not capture the strength of
Sect. 3.5). This allowed a systematic comparison of the reyhege relationships. Larger areas are detected for NAO—
sults obtained from NCEP and ERA-interim over the time (o mperature relationships (Fig. 4b), mostly in northern North
period 1990-2010. Cgrrelatlons with t.he GNIP observatmnAmerica, Greenland (especially South Greenland) and NE
were calculated for different time periods when data weregjperia. LMDZiso displays a particularly strong correlation
available for at least 10 yr. in southern Greenland. For precipitation-weighted tempera-
ture (Fig. 4c¢), correlations are weaker and more patchy, with
significant negative correlation represented in some of the
datasets for NW North America, some areas of Greenland,

In this section, we describe the calculated mean precipitatiof@"d, in reanalyses, NE Siberia.

Impact of precipitation intermittency on JJAS
NAO-temperature relationships

3 Results and discussion

intermittency biases (defined &s-T) and also its influence N LMDZiso, strong negative correlations are simulated

on the NAO—temperature relationship for each season (JJAg8€tween JJAS NAO anit®0 (Fig. 4d) for NW North Amer-

and DIFM). ica, NE North America, Greenland, and E Siberia. The fact
that these correlations are stronger than for weighted temper-

3.1 JJAS temperature biases ature suggests that summer NAO also affects isotopic com-

position due to air mass origins; this has not yet been ex-
In summer, precipitation intermittency produces limited bi- plored from specific trajectory calculations. The results ob-
ases (in terms of spatial extent and in terms of magnitude}ained with LMDZiso must be taken with caution, due to the
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CRUNCEP ERA-interim LMDZ iso
(1990 - 2010) (1990 - 2010) (1979 - 2008)

T-T B
P ol
JJAS
a)

T-T -
DJFM &=
b)

std
JJAS

c)

std
DJFM
d)

Fig. 3. () Mean precipitation intermittency bias for JJAS fi@), defined as the difference between the daily precipitation weighted temper-
ature (») and the mean seasonal temperatlrgi§ CRU-NCEP, ERA-interim and LMDZisdp) The same but for DJFMg, d) The same
as in the upper panels but showing the interannual standard deviation (std) of the biases in JJAS and DJFM, respectively.

fact that the simulated correlations are stronger than observe8iiberia (Fig. 3b). This warm bias is consistent with the
(Table S3, Fig. 8a). radiative impacts of water vapour and cloudiness on sur-
The seasonal shift in the position of the centers of action offace temperature. The spatial patterns of the DJFM bias are
the NAO, which are displaced to the northeast during sum-similar in CRU-NCEP, ERA-interim and LMDZiso, with a
mer (Fig. S3), can have an influence in the correlation patfew regional differences in central Greenland and Eastern
terns. This sensitivity to the position of the centers of ac-Siberia, possibly due to differences in simulated precipita-
tion is assessed in Figs. S4 and S5, showing the correspondion amounts (Fig. 1d). We note a specific band along the
ing correlation patterns for the NAO indices defined as theRocky Mountains where precipitation weighting induces a
leading PC (principle components) of SLP in LMDZiso. In cold bias, which could be related to an albedo effect of clouds
summer (Fig. S4), this alternative NAO index produces sig-and/or snow. The magnitude of the precipitation intermit-
nificant correlations in northern Europe not previously ob-tency bias is much larger in ERA-interim at high latitudes
served, and weaker values over Greenland. All these changd&ig. 3b). Surprisingly, LMDZiso produces a precipitation
are consistent with the new position of the SLP dipole. intermittency bias that is more similar to the magnitude de-
While small, the precipitation intermittency bias compli- rived from NCEP data, while its mean climate is closer to
cates the signal detection. From these investigations, we carthat of ERA-Interim. This might indicate that the nudging
not rule out the possibility of estimating past changes in JJASn LMDZiso is not strong enough to reproduce the timing
NAO based on isotopic proxies, from selected areas (NW, NEand/or location of precipitation as in the original reanalysis,
North America, E Siberia, Greenland) wheateT, ands'8o or that the results are dominated by the large temperature

are related to NAO. biases of LMDZiso at high latitudes (Fig. 1b). Altogether,
robust features of the spatial pattern of precipitation inter-
3.3 DJFM bias mittency bias emerge from the three datasets investigated

here, with a large bias found in several areas where climate

Over most Northern Hemisphere land areas, wet days arg gffected by the NAO (with the exception of Europe).
warmer than the average winter days, and this bias reaches

up to 6°C in Arctic areas such as Greenland, Alaska or
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CRUNCEP ERA-interim LMDZ iso
(1990 - 2010) (1990 - 2010) (1979 - 2008)
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Fig. 4. Linear correlation coefficients between the respective JJAS NAO indices and the fi¢ddpodcipitation p), (b) temperature®)
and(c) precipitation-weighted temperaturg) in the CRU-NCEP (left), ERA-interim (middle) and LMDZiso (right) datasets. Significant
correlations are highlighted using a Studemgst (p < 0.05) (thin black line). The correlation coefficients with the summer fieldsl8®

are shown for the LMDZiso simulation idl).

The interannual standard deviation of the precipitation in-for CRU-NCEP, and ERA-interim from 1990-2010 and for
termittency bias is represented on Fig. 3d, reachifG LMDZiso from 1979 to 2008.
several areas. NCEP and ERA-interim produce large interan- Winter precipitation is positively correlated with the NAO
nual variability of the winter bias in northern North America, in northern Europe (Fig. 5a), and areas of Russia in all
Greenland, and Siberia, while LMDZiso produces the largestdatasets; LMDZiso seems to produce stronger correlations
variability in NE North America and has a significantly lower for Northern Europe than reanalyses. Negative correlations
standard deviation in Siberia. The magnitude of high lati-are also systematically produced for areas of NW North
tude precipitation intermittency bias and its variability has America (from Quebec to Ellesmere Island), western or
a potential to distort the fingerprint of NAO in precipitation South Greenland, Eastern Siberia and the Mediterranean
archives, which is investigated in the next subsection. area, where the strongest negative correlations are depicted
in both reanalysis datasets.

The spatial correlation patterns of NAO with temperature
(Fig. 5b) are different from the pattern previously described
for precipitation. The results appear more coherent at a con-
tinental scale, with positive correlations for SE North Amer-
Figure 5 shows the comparison of the correlation coeffi-ica, western to northern Europe, Russia and central Siberia,
cients between DJFM NAO and precipitation, temperature,and negative correlations for NW North America, Green-
and precipitation-weighted temperaturg,) as calculated land, the southern Mediterranean land areas and Eastern

3.4 Impact of precipitation intermittency on DJFM
NAO-temperature relationships
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CRUNCEP ERA-interim LMDZ iso
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Fig. 5. The same as in Fig. 4 but for DJFM.

Siberia. While stronger negative correlations are observed irences are a general reduction of correlation in Greenland and
ERA-interim, especially over Greenland where the strongesSouth-western Russia, but enhanced correlation coefficients
negative correlation is depicte® < —0.75 for ERA), the to the South-East of Finland and over the Central Siberian
strongest positive correlations are consistently obtained irPlateau. The difference between the different datasets seems
north-western EuropeR(> 0.75) for the three datasets. Over- closely related to differences in the winter precipitation cli-
all, LMDZiso shows correlations of smaller amplitude (both matologies (Fig. 1d). The overall spatial features described
positive and negative) than the reanalyses, only capturing therein remain robust for the other alternative NAO definition,
centers of action over Greenland and Eurasia. i.e. the leading PC of SLP anomalies in the North Atlantic
The main patterns of NAO—temperature correlation are(Fig. S5).
preserved when considering precipitation-weighed tempera-
ture (Fig. 5¢), with the exception of East Greenland and Eas8.5 Temporal stability of correlation

Mediterranean/Middle East areas. For LMDZiso, similar pat- ] )
terns of correlation are obtained f@t and 7, with even [N the previous sections, analyses were focused on the most

a stronger signal in a large central Europe arRa-(0.75)  recent perioq (1990-2010), where th_ere is an overlap be-
and a shift in the strongest negative correlation coefficienttween our different datasets, and during which the reanal-
from southern to eastern Greenland. In the reanalyses, corrdSIS Systems are most strongly Cor!strameql by ass_|m|lated
lations seem to be sensitive to local conditions, such as orog@Pservations. We are aware that this time interval is char-
raphy. As a result, in CRU-NCEP correlations appear gen-2cterised by high DJFM NAO levels in the early 1990s.

erally reduced in Siberia/Russia, North America and Greenfigures 6 and 7 investigate, respectively, the stability of

land. Likewise, for ERA-interim, the most remarkable differ- Summer and winter NAO—climate (temperature, precipita-
tion, and precipitation-weighted temperature) relationships
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CRUNCEP CRUNCEP CRUNCEP
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Fig. 6. The same as Fig. 4 but focused on the JJAS NAO correlations for three different time intervals in CRU-NCEP: 1950-1970, 1970-1990
and 1990-2010.
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Fig. 7. The same as Fig. 6 but for the winter (DJFM).
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throughout different time periods. Three bi-decadal inter-core records of past precipitation are available, numerous
vals have been compared: 1990-2010 (previously chosen faseasonally resolved80 records are available (Vinther et
comparison with ERA-interim), and the new periods 1970-al., 2010), while only a few datasets of deuterium excess
1990 and 1950-1970. This latter period is characterised bySodemann et al., 2008; Steen-Larsen et al., 201EY@r

a weak negative NAO mean state, while the other two showexcess (Landais et al., 2012), which require higher accuracy,
strong positive mean NAO values. are available. The most robust results have been produced

The summer is characterised by small and unstable NAO-for combineds180 from several shallow ice cores.  So far,
climate relationships, as illustrated in Fig. 6 and also foundbased on observations, it has not been possible to quantify the
by Vinther et al. (2010). Both the location and sign of corre- impact of NAO on moisture sources and therefore the pos-
lation coefficients appear to vary through our three time inter-sible biases introduced in local climat&?O relationships.
vals, despite being associated with rather similar mean sumYet, through the computation of moisture back-trajectories
mer NAO values. This difficulty to identify robust features in for Greenland precipitation, Sodemann et al. (2008) has iden-
the three periods points to shifts in the location of the sum-tified SST (sea surface temperature) changes of up?® 5
mer NAO centers of action, associated to reported changerelated to positive versus negative NAO winter conditions,
in the North Atlantic summer mean circulation (Hurrell and thus suggesting that processes other than condensation tem-
Folland, 2002). perature are likely to impact the NAO 8280 relationship.

In winter, the correlation patterns with the NAO are clearly We are therefore fully aware that relationships between NAO
more robust (Fig. 7), although still subject to some spatialands80 can involve processes other than condensation tem-
changes. For precipitation (Fig. 7a), only the negative cor-perature. To quantify these processes, we compare the pattern
relations in the western Mediterranean region remain stableand strength of the correlation between NAO ang with
while positive values over Scandinavia and western Russidghe pattern and strength of the correlation between NAO and
appear for the last two periods, both characterised by a posprecipitations*0 from LMDZiso (Figs. 5¢ and 8b).
itive mean NAO state. The correlation patterns for tempera- First, the LMDZiso model results are described (Fig. 5).
ture (Fig. 7b) show most robust features through time, withOverall, the spatial features of the correlation patterns be-
persistent positive values in eastern North America, northerriween the winter NAO and botfi, and 8180 are rather co-
Europe and negative ones around the Labrador Sea, Northerent (Fig. 5c, d), with negative correlation values over parts
Africa and the Middle East. Note again that, some correla-of Greenland and NW North America (Labrador area), and
tions become insignificant only during the first time interval, positive values in northern Eurasia. However, there are clear
in this case over eastern Greenland and Siberia. Finally, differences regarding the actual locations for the significant
similar picture holds for the precipitation-weighted tempera- values & 0.35) over Greenland, as they occur near the east-
tures (Fig. 7c), the main difference being that the magnitudesrn coast foff’, and more in the western side %0, which
of correlation are generally smaller than for temperature, ands more consistent with the correlation pattern for precipita-
also more affected by local conditions, which is normal givention. In Eurasia, the extent and the strength of the significant
the weighting effect of precipitation. correlations are smaller 6180 than inT,, suggesting that

We note that the quality of the reanalysis might be weakerother processes (e.g. changes in moisture sources, changes
for the first period (1950-1970), prior to the satellite data as-between condensation and surface temperature) act to reduce
similation. It is also possible that, during this period, the neg-the imprint of NAO in§80. This supports the idea that the
ative NAO-pattern has an influence over the NAO—climateinvestigation of the NAOZ, relationships provides an ideal
relationship that would make it differ from the most recent test bed for investigating NAG20 relationships.

periods, characterised by a positive NAO-pattern. The LMDZiso NAO-$180 and the NCEP and ERA-
interim NAO-T), correlations are now compared to observa-
3.6 Comparison between DJFM NAOZ, correlation tions of NAO-$180 correlations, using instrumental records
and NAO—$180 correlation of precipitation isotopic composition and Greenland ice

cores. This comparison is strongly limited by the lack of
As stated in the introduction, water stable isotopes are inteeonsistency of the time frame where these observations are
grated tracers of the water cycle, and the isotopic composiavailable (Supplement, Sect. B, Tables S1 and S2).
tion of precipitation itself is related not only to local con-  The GNIP data (Fig. 8; right column) confirm the simu-
densation temperature, but also to all phase changes occuated structure of winter NAGS280 relationships (Baldini et
ring from evaporation to condensation. Second order paramal., 2008), with positive correlations encountered in Western
eters (deuterium excess O excess) may provide evidence Europe, North America and Russia, and small, negative cor-
for changes in evaporation conditions. However, the observarelations over Iceland and Svalbard. No data are available
tional records (precipitation monitoring) are too short to beto test the simulated negative NAD;-correlation depicted
used to analyse correlations between these parameters abg NCEP and ERA-interim for the extreme east of Siberia
the NAO, and therefore the relationships between the NAOand for the Qébec/Baffin Bay/Ellesmere Island area. The
and changes in moisture origin. For Greenland, where icestrongest correlation coefficients are obtained for Western

www.clim-past.net/9/871/2013/ Clim. Past, 9, 87886 2013



882 M. Casado et al.: Impact of precipitation intermittency on NAO-temperature signals

LMDZ iso GNIP stations + Greenland icecores
(1979 - 2008) (1960 - 2009) (1824-2004)

Fig. 8. Linear correlation coefficient between the respecta)elJAS andb) DIFM NAO indices and180 from GNIP and Greenland ice

core data (right; see text and Supplement, Sect. C for details) and for LMDZiso (left); zoomed on the areas where observations are available.
Note that a different colour scale is used compared to Figs. 4 and 5, which shows the signs of weak but significant correlations (light green
and light yellow, with absolute correlation coefficients between 0.15 and 0.35). White areas indicate small (non significant) correlation
coefficients.

and central Europe, witlR values up to 0.75, and there- moisture source, while at the same time LMDZiso fails to

fore comparable with the strength of the correlations pro-capture these effects. The latter option cannot be excluded,

duced in this area fof, and 8180 by NCEP, ERA-interim  as in situ, summer surface water vapour isotopic composition

and LMDZiso. These strong correlations were also reportedshows large subseasonal deuterium excess variations associ-

in several observational (Baldini et al., 2008) and modellingated with different air mass origins, which further cannot be

(Field, 2010; Langebroek et al., 2011; Sjolte et al., 2011)captured by LMDZiso (Steen-Larsen et al., 2013).

studies, which, however, often explored the anomalies be-

tween specific positive and negative NAO situations, rather . i

than linear correlations, preventing us from making quantita-# Conclusions and perspectives

tive comparisons. s . . s
Winter signals extracted from southern and central Green{) r;ecgrrreeclgf)ar;uso\?viltﬂt?r:g]lztc?rr:ﬁigfrft?: gggﬁgﬁgg?ggg?&?

land ice cores (Vinther et al., 2010) systematically depict a

negative correlation coefficient with NAO, varying between i . : .

—0.13 and—0.42 for the time intervals where raw data are spheric model equipped with water stable isotopes.

available (Fig. 8b, Table S3). The comparison between th riu(r:r';e:e’\lgg da'pzi?rz to_IJ'eaZ? a dsgiznzl?éealm;,)\lrgt:nnd
ice core signals and our results is also delicate because 35 peratu ISofopes In very specil S

the different time periods available, as most of the ice coreti:x i,r\:t?arrt:qi:g;]incrae’ dScrgsqLaeng’ aEtiasllgitrtl-;)t, abr:g t[i\rsilwpalltar;i-
records are only available prior to the 1970s. In NW Green- y P 9

land, the new NEEM ice core shows no correlation betweerEUdie %f tthe (f[orral\jgoz? with ter;npterat\lljrre. Tirrimt ei(r'lsnn?r Iio:ch
winter 5180 (one shallow ice core) and NAO for the last OP\C dalasets, IS0 Seems to overestimale the streng
f the summer NAO imprint on Greenland water stable iso-

decades (Steen-Larsen et al., 2011). This ice core lies on a%pes although it might be just an artefact of the particu
fsh i i heri Figs. ' ) . -
area of sharp gradients in atmospheric datasets (Figs. 5 and r choice for the NAO index. Indeed, the alternative defi-

where all RU-NCEP, ERA-interim and LMDZi " . ) .
crea datasgtg (CRU-NC L te a d sp) nition as the leading PC for North Atlantic SLP (Fig. S3),
show large variations from significant negative correlation’ =" = : o
which is more faithful to the actual position of the centers

with local 7, and3™0 to zero correlation. The stronger win- of action during the summer, shows a drastic decrease in the
ter NAO correlation depicted by reanalyses and LMDZiso . 9 ' .
amplitude of these Greenland correlations. We therefore re-

compared to the NEEM data could be explained by two poS_main extremely cautious about reconstructions of summer
sibilities: either all atmospheric models poorly capture the y

NW Greenland weather patterns and precipitation intermit-NAtiO nusmr? plrctia([:leltatlr(f)nr-;er:j&tl\/ii a(rjcfilllverﬁ. ::urrthler 'inV?Str'{ q
tency (in the Greenland area where annual precipitation i ations snould be performed using daily meteorological a

dominated by summer snowfall), or the NAO signal presentWater vapour isotopic d‘.'ﬂa.‘ combme_d with k_Ja_ck_traJectones,
because of the uncertainties on daily precipitation amounts

in local temperature is masked 880 due to changes in . :
in atmospheric models.

explored, using two atmospheric analyses and one atmo-
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More robust conclusions can be achieved for winter NAO. Annually resolved speleothems may also preserve a winter
For that season, precipitation intermittency only weakly af- precipitations180 signal, despite the complexity of infiltra-
fects the strong imprint of NAO on surface air tempera- tion and calcification processes.
ture, and NAO—climate relationships further appear stable Compiling records of past precipitatid®O interannual
throughout the investigated datasets and time periods. Theariability derived from different natural archives is the next
correlations between winter NAO arfi} likely capture cor-  step required for using them towards NAO reconstructions.
rectly the actual signs and patterns of NAGEO correlation.  The present study enables us to identify the regions where
However, other factors do affeét80 and may alter the re- precipitation weighted temperature ad#0 exhibit the
lationship observed fof,. The NAO signal in central Euro- maximum correlation or negative correlation with the NAO
peans'0 appears as a robust feature, observed from the longver the recent instrumental era. The combination of records
GNIP data and captured in all atmospheric simulations withfrom the Mediterranean area (where winter precipitation is
the right location and strength. The same conclusion appliegmportant), with records from central and northern Europe,
to the negative correlation between NAO and Greenland win-Québec, Greenland and Russia/Siberia/Yakoutia has the po-
ter 5180. Other areas depict a strong simulated NAO imprint tential to allow new, more robust reconstructions of the NAO.
which cannot be compared to direct observations (e.g. NortiThis could be achieved using precipitatiéffO estimated
America, Russia). Overall, the consistency of several of ourusing lake sediments, speleothems, ice cores and tree ring
findings between NCEP, ERA-interim and LMDZiso, and cellulose, albeit with the difficulties related to the seasonal-
with daily station data, suggest that they are robust. We havéty and complexity of each archiving process. Multicenten-
also shown that they are not affected by a different definitionnial simulations conducted with coupled ocean—atmosphere
of NAO accounting for changes in action centers. models equipped with water stable isotopes could also be

Our study shows the potential of using direct (ice cores)used to assess the stability of the NAGEO relationships
or indirect archives of winter precipitatioh®O for recon-  through time, in response to different forcings and under dif-
structing past changes in the winter NAO index. Many pub-ferent states of e.g. the Atlantic Multidecadal Oscillation. Al-
lished reconstructions referenced in Sect. 1 rely on precipthough restricted to the last decades, our study suggests sys-
itation or temperature sensitive proxies. The winter NAO—tematically combining at least data from Europe and from
precipitation relationship does not have large-scale characteGreenland in order to capture the structure of NAO imprints.
istics that are robust over different atmospheric models and
time periods, apart from its negative imprint in SW Green-
land and Mediterranean area, and positive imprint in northernSupplementary material related to this article is
Europe. The NCEP data shows robust features in the wintefvailable online at: http://www.clim-past.net/9/871/2013/
NAO-T, relation for three different time periods of 20yr, €p-9-871-2013-supplement.pdf
all highlighting four main influence regions characterised by
negative correlations from Labrador to the Baffin Bay and
also in the North of Africa and the Middle East, and with AcknowledgementsThis study has been funded by the French
positive values in the North of Europe and Russia, as well ag\gence Nationale de la Recherche ANR CEPS GREENLAND
in eastern North America. However, the extent and strengttproject. We thank the three anonymous reviewers and also the par-
of these correlations change with time, probably as a resuylficipants to the ESF c_onference “Modes of variability in t_he climate
of the spatial variability in the centers of action of the NAO. system” for constructive comment.s and feedbacks on 'FhIS yvork. The
We suggest that thg, variable (from in situ meteorological Eupp?rt of Jean-Y\{Ies Pet?richmutt f?r f'ﬁ.”re prt;c:essmg E‘ alsc;]ac-
data, or from analyses) may present some advantages as a tarow edged as well as Ralph Beeby for his careful read-through.
get for calibratings80 proxy records, rather than the mean This is a LSCE publication 4579.
winter temperature, because of the magnitude and variability_
of the precipitation intermittency bias (Fig. 3). Of course, ob- Edited by: J. Luterbacher
taining pure wintep80 records from natural archives other
than ice cores is extremely difficult. However, deposition and
archiving processes may propagate and preserve the winte
NAO imprint in precipitations80 into summer or annual
mean signals. This could be the case for tree ring cellulose
for instance if soil moisture is refilled by snow melt in moun-
tainous or high elevation areas. Such processes could explau.
why, despite the influence of summer climate on tree growth
a link with the winter NAO is found in tree ring cellulose
8180 from Siberia, where data from Yakoutia appear in anti-
phase with those from Taimyr, and in phase with the variabil-
ity depicted in Greenland ice cores (Sidorova et al., 2010).
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