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1 Introduction

Increases in Greenland near-surface temperatures since the 
1990s are thought to be driving increasingly rapid mass 
loss from the Greendland Ice Sheet (GrIS) through histori-
cally large summer melt extents and a lengthening of the 
melt season (Hanna et al. 2011, 2014; Box 2013). Time-
dependent gravity measurements made by the GRACE sat-
ellites indicate that these surface mass losses are contribut-
ing significantly to global sea level rise (e.g. Peltier 2009; 
Luthcke et al. 2013; Velicogna and Wahr 2013). Such tem-
perature increases are thought to be responses to anthro-
pogenic climate changes due to greenhouse gas increases. 
However, in the absence of knowledge of natural variations 
in temperatures and precipitation over the GrIS, it is diffi-
cult to identify when anthropogenic climate forcings would 
have first contributed significantly to Greenland climate 
and what future conditions over the GrIS are likely to be. 
This paper examines the sensitivity of observed and simu-
lated surface atmospheric conditions over the GrIS to natu-
ral and anthropogenic sources of climate variability, so that 
variations over the industrial period and extending into the 
future can be better understood and predicted.

Most observational studies of the responses of Green-
land to internal and external climate forcings consist 
either of analyses covering many sites in Greenland over 
a few decades (e.g. Box 2002; Hanna and Cappelen 2003; 
Hanna et al. 2008; Frauenfeld et al. 2011) or a few deep ice 
core locations that cover an extended period of time (e.g. 
Chylek et al. 2012; Kobashi et al. 2013a, b). Models may 
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be employed to fill this data gap, whether they be reanaly-
sis products (Hanna et al. 2008, 2011; Wake et al. 2009), 
regional climate models of varying resolution (Wake et al. 
2009; Box et al. 2009, 2013; Fettweis et al. 2013) or global 
climate models (Andres and Peltier 2013, hereafter referred 
to as AP13). However, over the earliest periods, different 
methods yield substantially different reconstructions, par-
ticularly for precipitation (Hanna et al. 2011; Box 2013), 
and reconstructions remain much more accurate for Green-
land averages than for different regions of the GrIS.

Volcanic eruptions decrease Greenland temperatures, 
particularly in the west, decrease precipitation, decrease 
runoff and increase GrIS surface mass balance for a few 
years following such events (Box 2002; Box et al. 2009; 
Hanna et al. 2005; AP13). The episodic nature of volcanic 
events is found to generate interdecadal temperature varia-
bility in Greenland (Box 2013), and is associated with 23 % 
of the ensemble-mean variability in North Atlantic sea sur-
face temperatures (SSTs) on multi-decadal timescales based 
on earth system model simulations (Booth et al. 2012).

Solar insolation variations are negatively correlated with 
the difference between GISP2 ice core-derived tempera-
tures and Northern Hemisphere temperature reconstruc-
tions over the past 4000 years (Kobashi et al. 2013a). Also, 
station temperature records across all of Greenland exhibit 
power at periods of approximately 11 years (Box 2002). 
Greenland-average temperatures and precipitation are sig-
nificantly positively associated with Greenland-average 
insolation variations in a suite of preindustrial simulations 
(AP13), and total solar irradiance increases drive low-fre-
quency increases in the North Atlantic Oscillation (NAO) 
after a lag of 40 years and low-frequency decreases in the 
Atlantic Meridional Overturning Circulation (AMOC) after 
10 years in a different millennium simulation (Swingedouw 
et al. 2011).

The NAO is generally found to be negatively correlated 
with Greenland temperatures, and predominantly in the 
west (Box 2002; Fettweis 2007; Hanna et al. 2008; Fett-
weis et al. 2013; Kobashi et al. 2013b). However, these 
connections exhibit seasonal dependence (Fettweis 2007; 
Hanna et al. 2008, 2011; Frauenfeld et al. 2011), and their 
strengths vary with time (Hanna et al. 2008, 2011). In addi-
tion, temperature time series from western sites exhibit 
similar spectral properties on subdecadal timescales as the 
NAO (Box 2002). Fettweis (2007) detects significantly 
negative correlations between the NAO and precipitation 
on the western and south-eastern coasts of Greenland, and 
positive correlations in the north-east. Due to these regional 
differences, few correlations have been established with 
Greenland-average precipitation (Fettweis 2007; Hanna 
et al. 2011). Nevertheless, significant correlations have 
been detected between total Greenland accumulation and 
the winter NAO, although the signs and strength of these 

correlations change (Box et al. 2013). AP13 find that 
stronger relationships can be established with the difference 
between the NAO and the East Atlantic pattern (EA) than 
with the NAO. They extract significantly negative relation-
ships between the NAO–EA and Greenland temperatures 
and precipitation in all simulations, with stronger connec-
tions for Greenland temperatures than for precipitation, and 
stronger connections in lower-resolution simulations.

Sea ice cover, the Atlantic Multi-decadal Oscillation 
(AMO) and the AMOC are all strongly inter-related in 
simulations of the preindustrial millennium (AP13). Fur-
thermore, they are significantly correlated (negatively, posi-
tively and positively, respectively) with Greenland-average 
temperatures and precipitation after lags of 1–11 years 
(AP13). Extensive sea ice cover is also thought to suppress 
local Greenland temperature variability, especially along 
the eastern coast of Greenland (Box 2002). The AMOC has 
been linked to periodicities on 20-yr timescales in southern 
and central Greenland ice cores, and intermittency in the 
spectra from the DYE-3 core over 4000 years has similar 
features to that of the simulated AMO (Chylek et al. 2012). 
In addition, North Atlantic SSTs are found to be strongly 
negatively correlated with Greenland accumulation from 
1880 to 1939, and very weakly negatively correlated there-
after (Box et al. 2013).

No significant relationships have been detected between 
Greenland temperatures or precipitation and the El Nino-
Southern Oscillation, the Pacific Decadal Oscillation 
(PDO) or the NAO+EA (Hanna et al. (2011); AP13).

No significant variations in either Greenland tempera-
tures or precipitation have been attributed to anthropo-
genically-sourced greenhouse gas emissions and aerosols. 
However, AP13 demonstrate that the residual differences 
between a linear model estimate employing natural internal 
and external climate forcings and both Greenland-average 
temperatures and precipitation exhibit statistically sig-
nificant increases midway through the twentieth century. 
These increases appear correlated with greenhouse gas 
increases, although the separate roles of greenhouse gases 
and anthropogenic aerosols remain unclear (AP13). Booth 
et al. (2012) demonstrate that anthropogenic aerosols are 
associated with 66 % of multi-decadal variability in North 
Atlantic SSTs in an ensemble mean of earth system model 
simulations over years 1860 to 2005. The indirect aero-
sol effects on clouds are necessary for capturing this SST 
response to aerosols (Booth et al. 2012).

Whereas in AP13 we describe the extent to which an 
ensemble of millennium timescale climate simulations can 
be employed to separate the forced contribution of Green-
land variation from the internally-generated variability, here 
we focus upon the application of these analyses to a set of 
observational reconstructions. We generate empirical mod-
els relating Greenland temperatures or precipitation to the 
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natural climate forcings mentioned above as well as to natu-
ral variations in greenhouse gas radiative forcing. We test 
the effectiveness of the empirical models against simula-
tions over the industrial period and two representative con-
centration pathways of future climate evolution. Then, we 
compare empirical estimates to observational reconstruc-
tions of Greenland-average temperatures and precipitation.

2  Materials and methods

2.1  Data

2.1.1  Observations

We employ four different reconstructions of Greenland 
temperatures and accumulation to identify robust features 
under the limitations of sparse, intermittent and regionally-
limited data.

•	 AND Andersen et al. (2006) provide common Greenland 
δ18O and accumulation time series extracted from three 
ice core records (DYE-3, GRIP and N-GRIP) covering 
years 191 to 1974. Temperature is extracted via aver-
aging of δ18O, and accumulation is extracted through 
another statistical method (Andersen et al. 2006). These 
datasets have 5-year precision, and δ18O anomalies have 
been converted to temperature anomalies as in Johnsen 
et al. (1989).

•	 BOX Box et al. (2013) and Box (2013) Greenland-
average temperature and accumulation time series over 
years 1849 to 2012 are reconstructed using in situ meas-
urements, ice cores and regional simulations. The tem-
perature datasets are updated from those presented in 
Box (2013) as described in the dataset documentation. 
Both temperatures and accumulation are now recon-
structed using RACMO2 regional simulations and the 
methodology described in Box et al. (2013).

•	 GHCN NCDC/NESDIS/NOAA/U.S. Dept. of Com-
merce, Carbon Dioxide Information Analysis Center/
Environmental Sciences Division/Oak Ridge National 
Laboratory/U.S. Dept. of Energy, and Office of Cli-
matology/Arizona State University (1995, updated 
quarterly) and NCDC/NESDIS/NOAA/U.S. Dept. of 
Commerce (2012, updated monthly) provide monthly 
temperature data from fifteen stations and monthly pre-
cipitation data from sixteen stations around the coasts of 
Greenland. The data span years 1867–2011, although no 
single dataset covers all of these years and most include 
gaps. Where these gaps do not exceed one month, we 
interpolate anomalies in the months prior to and follow-
ing the gaps to estimate their values. Data from northern 
Greenland stations begin no earlier than the 1930s.

•	 20CR Compo et al. (2011) Twentieth Century Reanal-
ysis data provide 2° globally-gridded data on monthly 
time steps from 1871 to 2011. The reanalyses are gener-
ated by assimilating observed surface pressure records 
into an ensemble of 56 global numerical weather fore-
cast model simulations that are each forced by observed 
sea surface temperatures and sea ice distributions 
(Compo et al. 2011). The final time series is the ensem-
ble average (Compo et al. 2011), and thus reproduces 
only part of the variability in regions and periods with 
few observations available to assimilate. The aver-
age spread between ensemble members over Green-
land decreases dramatically with time as the number of 
assimilated data points increases (see Figure OR.1 in 
Online Resource 1). Furthermore, the ensemble mem-
ber spread varies significantly with location. In year 
1872, the spread values vary between 0.001 and 12 °C 
for temperatures in grid cells over Greenland. Precipita-
tion spreads vary 9–287 kg/m2/mon. Such issues have 
produced storminess trends in the North Atlantic that 
are inconsistent with observations (Krueger et al. 2013). 
Consequently, we only include in our analyses grid cells 
with ensemble spread values lower than the highest val-
ues from 1970 onward.

GHCN and 20CR Greenland-average temperature and 
precipitation time series are generated by scaling region-
ally-averaged reference climatologies by anomaly averages 
for each year. For 20CR, the reference period is chosen to 
include all years after 1969, based on inspection of Figure 
OR.1. For GHCN, the reference period includes all years 
with at least twelve stations contributing data (1953–1971 
for temperature and 1952–1955 and 1959–1970 for precipi-
tation). Data in every grid cell are centred and normalized 
with respect to their monthly climatologies and standard 
deviations over the reference period to remove seasonal and 
some regional dependencies from the data. Annual aver-
ages and sums are then calculated for temperature and pre-
cipitation, respectively. Finally, area-weighted averages are 
performed over whatever stations or cells contain data each 
year. GHCN station area weights are generated by intro-
ducing a polar coordinate system centred at the areal centre 
of mass of Greenland with grid cell limits midway between 
stations. The final anomaly time series are re-normalized 
and un-centred by spatial averages of the reference stand-
ard deviations and climatologies.

The only GHCN station in the northeast quadrant of 
Greenland with data prior to the reference period has no 
data within the reference period. Its reference climatology 
is estimated as its mean value over available years shifted 
by the average change of all other datasets with cover-
age during both periods. Similarly, its standard deviation 
is scaled by the ratio of standard deviations from other 
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stations over the two periods. The reference seasonal cycle 
in this cell is defined to be the average of reference sea-
sonal cycles from all other datasets in the same region of 
Greenland.

The difference between the NAO index and the EA is 
used here as a proxy for poleward shifts of the North Atlan-
tic jet (Woollings et al. 2010). This association is described 
in more detail in AP13. We employ two different sea level 
pressure datasets and one set of publicly-available NAO 
and EA time series. The NAO and EA spatial modes are 
calculated from sea level pressures following AP13.

•	 CPC Monthly teleconnection indices for the NAO and 
EA are obtained from NOAA’s National Weather Ser-
vice Climate Prediction Centre (NOAA/NWS/CPC 
2013a, b). They are calculated by rotated principal com-
ponent analysis applied to monthly 500 mb geopotential 
height fields spanning years 1950–2012 (NOAA/NWS/
CPC 2013c). We average over DJF.

•	 HadSLP2 The Hadley Centre’s monthly historical mean 
sea level pressure dataset version 2.0 is a globally-grid-
ded dataset of 5° Cresolution covering years 1850–2004 
(Hadley Centre for Climate Prediction and Research, 
Met Office, Ministry of Defence, United Kingdom 
2000, updated monthly; Allan and Ansell 2006).

•	 20CR The dataset is described above. We perform no 
corrections to the sea level pressure data, since data 
is less sparse over the North Atlantic region than over 
Greenland and the NAO and EA are such dominant 
modes.

Two different approaches are employed with both simu-
lated and observed sea level pressure data to generate the 
NAO and EA time series. Firstly, NAO and EA spatial 
modes are calculated from sea level pressures in each data-
set and then projected onto the data to generate time series. 
Secondly, a single set of mode patterns is calculated from 
all simulated preindustrial sea level pressure data sets of a 
given resolution simultaneously. Time series are then gen-
erated by projecting these modes onto sea level pressure 
data from any simulation at that resolution or by interpolat-
ing to observed grids and projecting. Simulated NAO mode 
spatial patterns and time series are correlated at greater 
than 0.94 for these two approaches. Correlations with the 
station-based NAO definition, given here by the difference 
between standardized simulated sea level pressures in grid 
cells over Stykkisholmur (identified as between 65–75°N 
and 20–25°W) and Ponta Delgado (between 35–40°N and 
25–30°W), are at 0.88 for both resolutions. Simulated 
EA spatial patterns are more sensitive to the calculation 
method, with their lowest spatial correlations equalling 
0.55. Nevertheless, such pattern differences do not appear 
to affect the time series significantly, as their correlations 

exceed 0.86 in all cases. Consequently, we see no evi-
dence that the positions of these North Atlantic modes have 
shifted in an important way in simulations of the industrial 
or future periods.

HadSLP2 mode patterns (not shown) exhibit few signifi-
cant differences with respect to the model patterns. How-
ever, the positions of the NAO–EA centres of action from 
20CR (not shown) are shifted with respect to the model 
patterns. Furthermore, these 20CR pattern differences are 
associated with time series differences that exceed 95 % 
of those from time segments of the same length extracted 
from the preindustrial simulations. Nevertheless, the 20CR 
NAO–EA time series remain significantly correlated with 
each other regardless of calculation method.

2.1.2  Simulations

All of the simulations have been performed using Com-
munity Climate System Model (CCSM) version 3 (Collins 
et al. 2006). This model reproduces twentieth century Arc-
tic sea ice trends better than most models in the Climate 
Model Intercomparison Project (CMIP) 3 database (Stro-
eve et al. 2007), and it predicts similar Arctic seasonally 
ice-free years to those from the Community Earth System 
Model 1 when forced by similar future emissions trajecto-
ries (Vavrus et al. 2012; Meehl et al. 2013). CCSM3 south-
ern ocean climate characteristics are significantly different 
than observed (Vettoretti and Peltier 2013), but our focus 
here is restricted to the Northern Hemisphere. In addition, 
CMIP5 models in general have shown only slight improve-
ments over CMIP3 models in the representations of climate 
variability (Flato et al. 2013).

We have created four sets of six simulations, cover-
ing preindustrial (850–1849), industrial (1850–1999) and 
future periods (2000–2099). Within each set, three of the 
simulations are performed at atmospheric and land spectral 
resolutions of T42 and three at T85. Two of the simulations 
differ by volcanic reconstruction (either Gao et al. (2008) 
or Crowley et al. (2008)). Trace gases and aerosols are held 
fixed in the third T42 simulation. The final T85 simulation 
is forced identically to another simulation, but is initialized 
from a different date.

The preindustrial millennium and industrial simulations 
are discussed in detail in AP13. The future simulations are 
initialized from the industrial simulations and are extended 
through two different emissions trajectories following Rep-
resentative Concentration Pathways (RCPs) 4.5 and 8.5 
(Smith and Wigley 2006; Clarke et al. 2007; Riahi et al. 
2007; Taylor et al. 2009; Wise et al. 2009). They employ 
time-varying forcings for total solar irradiance, orbital con-
figuration, trace gas concentrations, aerosol mass distribu-
tions and ozone mass distributions. Details for these forc-
ings are provided in Online Resource 1.
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Total radiative forcings are shown with respect to 
year 850 values in Fig. 1a. These are calculated from the 
greenhouse gas concentrations supplied to the model for 
CO2, CH4, N2O and CFCs 11 and 12 through radiative 
forcing equations provided in Ramaswamy et al. (2001). 
Increases in RCP4.5 greenhouse gas forcings diverge 
from RCP8.5 around year 2030 and flatten out by year 
2060. Anthropogenic aerosol optical depths (AODs) 
averaged over Greenland are plotted in Fig. 1b. These 
forcings are held fixed over the preindustrial millennium, 
and show little resolution or RCP dependence afterward. 
Volcanic forcing time series are plotted in Fig. 1c and 
have been discussed in AP13. Note that we added data 
for the El Chichon event in 1982 to the Gao et al. (2008) 
volcanic reconstruction following the method in Gao 
et al. (2008) for a total loading of 14Tg H2SO4, which 
was provided in the dataset documentation. In reality, 
El Chichon aerosols remained mostly constrained to the 
Northern Hemisphere (Gao et al. 2008), so this model-
ling is expected to yield unrealistically large effects in 
the Southern Hemisphere.

Total solar irradiance and orbital forcings are plotted 
in Fig. 2 and are discussed in AP13. The rise in total solar 
irradiance over the twentieth century counteracts the steady 

trend of −0.06 W/m2 associated with orbital changes. 
Since no multi-decadal total solar irradiance variations are 
imposed over the future, solar insolation resumes follow-
ing the orbital trend. Mean insolation values differ accord-
ing to model resolution, but their anomalies are essentially 
identical.

2.2  Analyses

As in AP13, we develop empirical models of Greenland-
average temperature and precipitation variations over the 
preindustrial period using lagged correlation and multiple 
linear regression analyses of simulated data. The preindus-
trial period is defined to span years 850 to 1799, so that 
smoothed anthropogenic AODs remain constant through-
out the period. Further methodology changes are listed 
below.

The revised empirical model is defined by Eq. (1). The 
independent parameters include terms for globally-aver-
aged volcanic AOD (volc), solar insolation (solar), the 
NAO–EA and greenhouse gas radiative forcings (GHG). X_ 
represent the smoothed time series for temperature (T), pre-
cipitation (Pr) and each of the independent variables. The 
linear coefficients are given by the βT ,_ and the residuals 
by ǫ, and these are defined separately for Greenland tem-
peratures and precipitation. The L_ terms represent the lags 
applied to these datasets in years.

Fig. 1  External model forcings as a function of time. Greenhouse gas 
radiative forcing is plotted in a, anthropogenic aerosol optical depth 
averaged over Greenland in b and globally-averaged volcanic aerosol 
optical depth in c. In a, b, historical and RCP4.5 values are in solid 
lines and RCP8.5 are dashed. In b, T42 values are in green and T85 
are in black. In c, Gao reconstructions are plotted in blue and Crow-
ley in red

Fig. 2  External solar forcings as a function of time. Total solar irra-
diance in a, total orbital factor averaged over Greenland in b and 
solar insolation averaged over Greenland in c. T42 values are in green 
and T85 are in black
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Regression parameters are solved for using all datasets at 
a given resolution concurrently. Time series for a given 

(1)

XT (t) = βT ,volcXvolc(t − Lvolc)+ βT ,solarXsolar(t − Lsolar)

+ βT ,GHGXGHG(t)

+ βT ,NAO−EAXNAO−EA(t − LNAO−EA)+ ǫT (t)

variable at a given resolution are appended together into 
one long dataset with gaps placed between segments that 
exceed filter widths. All lagged correlations and regressions 
are performed on these long datasets. We estimate regres-
sion uncertainties at p < 0.05 in two ways. First, we scale 
the regression uncertainties to include effects from auto-
correlations of the residuals (see AP13). Second, we apply 

Fig. 3  Lagged correlations between Greenland temperatures (a, c) and precipitation (b, d) and all of the predictor variables included in the 
regression model after smoothing. Results for T42 shown in a, b and T85 in c, d. Predictor variable leading corresponds to a positive lag
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bootstrapping techniques on 1000 separate sets of time series 
that span the preindustrial period. These sets of time series 
are constructed by randomly selecting data points from the 
original, unsmoothed time series while allowing for dupli-
cate data point selection. Response datasets are sampled sep-
arately from the predictors, but the predictors are all sampled 
together in order to maintain any autocorrelations between 
them. These artificially-constructed datasets are smoothed 
and analysed in the same manner as the original time series.

Empirical model lags are determined through lagged 
correlation analyses over the preindustrial period using 
smoothed time series. We employ a Gaussian filter with a 
full-width-at-half-maximum value of 14 years, the choice 
of which is discussed in AP13. Lagged correlations are 
plotted in Fig. 3, where the predictor variable leading the 
response variable corresponds to a positive lag. Peak lag 
values are tabulated in Table 1 and are significantly differ-
ent for the two model resolutions. We also perform lagged 
correlation analyses with the observational datasets for 
comparison (not shown). The observational data are pre-
pared in the same way as the simulated data. We smooth all 
of the datasets with the same filter, except for AND, which 
has already been smoothed with a 5-year running mean 
filter. Similar spectral properties over multi-decadal time-
scales are recreated by smoothing AND with a Gaussian 
filter with a σ value of 5.8 instead of 6.0.

Two changes are made to the calculation of simulated 
Greenland-average temperatures and precipitation. First, 
Greenland boundaries are slightly altered from AP13 to 
include only the CCSM3 grid cells designated as land in 
the Greenland region. T42 grids include 115 cells with a 
total area of 2.39× 106 km2 and a mean altitude of 1200 m. 
T85 Greenland grids include 419 cells with a total area of 
2.43× 106 km2 and a mean altitude of 1400 m. Thus, mean 
temperature differences presented in AP13 are unaffected. 
Second, we calculate Greenland-average precipitation rates 
instead of Greenland totals, since the average is much less 
sensitive to resolution differences in the Greenland area. 
Average precipitation rates at the two resolutions and their 
standard deviations agree until the twenty-first century.

Empirical estimates of Greenland-average temperature 
and precipitation changes over the anthropogenic period are 
generated by inserting time series for the independent varia-
bles from the industrial and future simulations and employ-
ing parameters established over the preindustrial period. 
Similarly, we generate estimates of observed Greenland-
average temperature and accumulation changes by substi-
tuting observed NAO–EA variations into the regression 
model. In both cases, all of the time series are centred and 
normalized with respect to preindustrial means and stand-
ard deviations in order to be consistent with results obtained 
from the preindustrial period. As a result, coefficients of 

Table 1  Preindustrial 
regression coefficients and 
predictor lags employed in 
regression analyses based on 
correlation analyses

Statistically significant 
(p < 0.05) values are in bold 
font

Response Resolution Volcanic Solar NAO–EA GHG R

2 Correlation

β Lag β Lag β Lag β Lag Preind Preind Anthro

Temperature T42 full −0.32 8 0.30 0 −0.55 3 0.06 0 0.60 0.78 0.98

T42 natural 0.74

T85 −0.50 4 0.50 0 −0.25 6 0.12 0 0.70 0.84 0.98

Precipitation T42 full −0.30 8 0.26 0 −0.50 7 0.09 0 0.50 0.71 0.97

T42 natural 0.68

T85 −0.43 5 0.39 0 −0.08 11 0.07 0 0.40 0.63 0.95

Table 2  Normalization values over the preindustrial period for simulated and observational datasets and years of data available after smoothing

For datasets with no data over the preindustrial, values are estimated using AND values over the preindustrial and anthropogenic periods. Further 
description is available in the text
a AND temperatures are anomalies, so they do not represent mean Greenland values
b AND accumulation is unitless, since it is calculated from locally-normalized accumulation rates

Dataset Temperature (°C) Accumulation (cm/a w. eq.)

Start year End year Mean SD Start year End year Mean SD SD/mean

T42 870 2079 −20.9 0.8 870 2079 38.2 1.4 0.04

T85 870 2079 −23.4 0.5 870 2079 38.9 1.1 0.03

AND 850 1954 0.0a 0.3 850 1954 1b 0.03b 0.03

20CR 1892 1991 −16.6 0.3 1963 1991 55 0.4 0.01

GHCN 1887 1991 −8.2 1.7 1894 1991 45.7 5.0 0.11

BOX 1860 1992 −19.9 0.6 1860 1992 41.3 1.6 0.04
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determination are not restricted to values of zero to one over 
the anthropogenic period, so we do not present them. Since 
AND is the only observational reconstruction with data in 
the preindustrial period, we estimate preindustrial means 
and standard deviations by matching changes in these prop-
erties for AND from the preindustrial to anthropogenic peri-
ods. Equations (2a) and (b) are applied over any overlapping 
years between AND and each of the other observational 
records. 20CR precipitation data does not overlap with 
AND after smoothing, so we use BOX with it.

Since none of the NAO–EA observational time series have 
data in the preindustrial period, we estimate preindustrial 
normalization constants for them using Eqs. (2) with sim-
ulated NAO–EA time series in the place of AND. In this 
case, the overlap period ends in year 1999.

3  Results

3.1  Data characterization

Mean values and standard deviations for smoothed obser-
vational reconstructions estimated over the preindustrial 

(2a,b)

Tx
preind =

TAND
preind − TAND

ind

σAND
ind

∗ σ x
ind + Tx

ind and

σ x
preind =

σAND
preind

σAND
ind

× σ x
ind

period are listed in Table 2. The ratio of accumulation 
standard deviations to their mean values tend to be con-
stant (Andersen et al. 2006), so we also present those. All 
datasets but AND and BOX provide precipitation data 
instead of accumulation, which may affect the mean values 
and standard deviations. Due to AND temperatures being 
defined with respect to anomalies and AND accumulation 
being normalized with respect to local accumulation rates, 
only AND temperature standard deviations can be com-
pared directly to the other datasets.

Observed temperatures and precipitation are warmer 
and wetter than the simulated values, although BOX values 
agree with simulated values. GHCN is subtantially warmer 
than the others, due to its reliance solely on coastal station 
data. The GHCN temperature standard deviation is also 
more than twice any other estimate. AND and 20CR pro-
vide the lowest temperature standard deviations. Accumu-
lation mean values are all within 20 % of the reconstruc-
tion average. Differences are apparent in the accumulation 
standard deviations, especially with respect to mean values. 
AND, BOX and simulated ratios are all similar. GHCN 
and 20CR again stand out for large and small values, 
respectively.

GHCN temperatures and precipitation may exhibit 
high variability due to the small number of stations cover-
ing widely different regions of Greenland that are used to 
generate it. 20CR reconstructions contain relatively little 
power at low frequencies. Whereas smoothing reduces the 
standard deviations of all of the other datasets by a factor 
of 2 to 3, it reduces 20CR precipitation standard deviations 

Fig. 4  Normalized Greenland-
average a temperature and b 
precipitation anomalies plotted 
as a function of year for all 
observational datasets included 
in this study. Note that the year 
axis is magnified over the indus-
trial period to make variations 
during that time clearer. All 
datasets have been smoothed, 
centred and normalized with 
respect to preindustrial values. 
Unsmoothed data is also 
included in lighter colours



Natural and anthropogenic climate

1 3

by a factor of 14. Since both GHCN and 20CR reconstruc-
tions are defined in the same way, the method employed to 
generate these reconstructions does not appear to be robust 
to such features in the data.

Greenland-average reconstructions of temperature and 
accumulation variations are plotted in Fig. 4 after center-
ing and normalizing. Anthropogenic temperature variations 
are small compared to AND preindustrial variations plot-
ted in Fig. 4a. Nevertheless, all datasets with un-smoothed 
data covering the end of the twentieth century warm 

dramatically beginning in the 1990s. This is consistent with 
a marked change in Greenland surface ice load beginning 
in this period inferred from a sharp change in the Earth’s 
rotational state (Roy and Peltier 2011). Furthermore, all 
datasets exhibit warming during the 1920s followed by a 
gradual cooling leading into the 1990s. Overall, both AND 
and 20CR are significantly (p = 0.05) positively corre-
lated with each other and the other temperature reconstruc-
tions prior to smoothing, and are insignificantly correlated 
with them afterward. GHCN and BOX are highly signifi-
cantly correlated (r > 0.9, p < 0.05) both before and after 
smoothing.

AND accumulation oscillates regularly from the late 
eighteenth century until the early 1900s. During overlap 
years, BOX predicts similar signs of variations on similar 
timescales as AND with greater multi-decadal structure. 
They both indicate relatively dry conditions during the 
early 1900s followed by large increases in accumulation 
during the 1920s and 1930s. In contrast, the GHCN accu-
mulation variations during this period are out of phase with 
AND and BOX. Greenland accumulation on the western 
coast occasionally varies out of phase with accumulation 
on the eastern coast (Box 2013), so the phasing differences 
may indicate that different regions are being emphasized in 
these datasets. Nevertheless, both GHCN and BOX exhibit 
increased accumulation at the end of the twentieth century 

Fig. 5  Smoothed Greenland-average temperature and precipitation 
time series for all simulations. Historical and RCP4.5 time series are 
in solid lines, and RCP8.5 series are in dashed lines

Fig. 6  Projections of NAO–EA 
modes onto sea level pressures 
at resolutions of a T42 and 
b T85. Smoothed NAO–EA 
time series for all simulations, 
where historical and RCP4.5 
time series are in solid lines and 
RCP8.5 are in dashed lines
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with respect to the start. The only structure in the 20CR 
precipitation record is a large decrease in precipitation in 
the 1960s followed by slightly increasing values, which is 
consistent with the Hanna et al. (2011) reconstructions also 
derived from 20CR precipitation data. Prior to smoothing, 
AND, 20CR and BOX are all significantly (p < 0.05) posi-
tively correlated over their respective periods of overlap. 
20CR and BOX are also significantly positively correlated 
with GHCN. After smoothing, the only significant correla-
tions are negative relationships between AND and GHCN.

Simulated Greenland-average temperature and precipita-
tion time series are plotted in Fig. 5 after smoothing. Tem-
peratures and precipitation from full-forcing runs exhibit 
significant increases at p < 0.05 from their preindustrial 
averages to averages over the last decade of the twenty-first 
century. These increases for temperature and precipitation 
are 5.8 °C and 9 cm/a for RCP4.5 and 7.7 °C and 11 cm/a 
for RCP8.5. In contrast, the natural forcing-only simula-
tions (denoted T42_sol_Gao in Fig. 5) exhibit no signifi-
cant temperature or precipitation differences over the same 
period. There are few significant changes in standard devia-
tions between the preindustrial and anthropogenic periods, 
although standard deviations for Greenland temperatures in 
the natural-forcing only simulations are significantly lower 
(p < 0.05) over the twentieth century than over equivalent 
lengths of time sampled from the preindustrial millennium.

The NAO–EA spatial modes calculated from multiple 
preindustrial simulations at T42 and T85 resolutions are 
plotted in Fig. 6a, b. Smoothed time series for the NAO–
EA based on projections of these modes onto simulated 
data are plotted in Fig. 6c. NAO–EA variability is signifi-
cantly reduced (p < 0.05) during the future period for the 
natural-forcing simulations and insignificantly reduced for 
the fully-transient simulations. The biggest change in nat-
ural forcings during this period is the absence of volcanic 
eruptions, which suggests that there is a link between vol-
canic emissions and NAO–EA variability in this model.

Smoothed time series calculated directly for the Had-
SLP2, 20CR and CPC NAO, EA and NAO–EA modes are 
plotted in Fig. 7 in dark colours. Correlations between 
the NAO time series calculated from HadSLP2 and 20CR 
and based on the grid-cell definition described earlier all 
exceed 0.9, independent of approach. All reconstructions 
indicate that the NAO experienced sustained positive val-
ues from the 1900s to the 1930s followed by dramatic 
decreases to strongly negative values through the 1960s 
to the 1980s. The NAO then shifted as rapidly to predomi-
nantly positive values again. The different EA and NAO–
EA time series are correlated above 0.85 prior to smooth-
ing, and are only significantly correlated after smoothing 
when both time series are generated by projecting the 
same model modes. The EA exhibits little variability dur-
ing the anthropogenic period except for a strong positive 

phase from 1910 to 1930 preceded by a similarly nega-
tive phase. The common NAO–EA patterns indicate that 
the NAO–EA shifted from generally positive values in the 
late nineteenth century to strong negative values during 
the 1960s and 1970s, followed by a shift again to posi-
tive values. The main differences pertain to its behaviour 
from 1920 to 1940. HadSLP2 predicts a phase of positive 
values during this time, whereas 20CR suggests weakly 
negative values. The sources of this discrepancy lie in the 
timing of the recovery from positive phases of the NAO 
and EA during the 1920s. The CPC time series is too 
short to extract more than a multi-decadal trend over its 
duration, but this trend is consistent with the other two 
datasets.

3.2  The empirical model

In preindustrial millennium simulations, we extract statisti-
cally significant (p < 0.05) correlations between smoothed 
Greenland temperatures and precipitation and smoothed 

Fig. 7  a NAO, b EA and c NAO–EA anomaly time series for CPC, 
HadSLP2 and 20CR datasets. All have been smoothed and normal-
ized with respect to preindustrial estimates from T85 modes. Modes 
calculated directly are in dark shades, with lighter shades corre-
sponding to time series based on projected model modes
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volcanic AOD, solar insolation, NAO–EA, and greenhouse 
gas radiative forcings. The lagged correlation relationships 
between these variables are plotted in Fig. 3, and the years 
of peak correlations are listed in Table 1 as lags with two 
exceptions. Except for solar insolation, all lags are longer 
than those in AP13.

First, solar insolation and the NAO–EA exhibit the only 
significant cross correlations between predictor variables 
over the preindustrial period at the lags examined. Thus, we 
plot lagged correlations between the NAO–EA and Green-
land conditions extracted from control simulations with no 
external forcings applied in dashed purple lines in Fig. 3. 
The timing of peak correlations are shifted with respect to 
the transient runs, so we include lags from the control runs 
in Table 1. Second, greenhouse gas correlations are strong-
est in the T42 simulations when they lag behind Greenland 
conditions by 10–20 years. Nevertheless, during the anthro-
pogenic period, correlations between greenhouse gases and 
T42 Greenland temperatures and precipitation exceed 0.97 
(p < 0.05) when the datasets are in phase. Thus, we set the 
lag for the greenhouse gas term in calculations with T42 
datasets to zero.

Preindustrial regression coefficients are presented in 
Table 1 along with corresponding R2 values and correla-
tions between the estimated time series and those extracted 
directly from the preindustrial simulations. In addition, 
correlation values are presented which have been obtained 
by applying the empirical models to simulations of the 
anthropogenic period. The empirical model parameters and 
preindustrial R2 values presented in Table 1 for volcanic, 
solar and NAO–EA terms agree with most of those in AP13 
within uncertainties.

Confidence intervals for the regression coefficients 
based on estimating effective degrees of freedom do not 
exceed ±0.08 for temperatures and precipitation at T42 res-
olution and ±0.06 and ±0.11 for temperatures and precipi-
tation, respectively, at T85. Confidence limits determined 
through bootstrapping are all near to but less than ±0.17. 
The large differences in confidence interval estimates may 
be associated with difficulties in estimating the effective 
number of degrees of freedom in the residuals. These esti-
mates are calculated by summing over auto-correlations 
in the residual time series until the auto-correlations turn 
negative (AP13). However, the timing of this cutoff can be 
very sensitive to small changes in autocorrelation values. 
For example, although T85 temperature and precipitation 
auto-correlations both exhibit initial minima by 35 years 
lag, the precipitation minimum is above zero. Hence, the 
cutoff for precipitation is at approximately 150 years. Due 
to this ambiguity, we highlight significant values in Table 1 
in bold font using bootstrap estimates.

Preindustrial R2 and correlation confidence limits at 
p < 0.05 are determined using bootstrapping methods as 

well. They have upper values of 0.07 and 0.27, respec-
tively. Correlations for the natural-forcing only simula-
tions over the anthropogenic period are within uncertain-
ties of those over the preindustrial period. Consequently, 
we conclude that the natural components of the regression 
models continue to predict Greenland temperatures and 
precipitation equally well over the anthropogenic period 
when greenhouse gases and aerosols are held fixed. In the 
fully-transient cases, the correlations are higher, indicating 
an improvement in predictive skill.

Correlation and regression analyses indicate that global 
volcanic AODs exhibit strong cooling and drying effects 
over Greenland after 4–8 years at both resolutions. Simi-
larly, increased solar insolation leads to higher tempera-
tures and precipitation over Greenland at both resolutions. 
Finally, positive NAO–EA states are associated with cooler, 
drier conditions over Greenland after lags of 3–7 years in 
the T42 simulations. Although positive NAO–EA states are 
associated with lower temperatures over Greenland at T85, 
it is much weaker than in the T42 simulations. The relation-
ship with precipitation is not significant at a 95 % confi-
dence level. These differences suggest that the mechanisms 
whereby internal variability drives conditions in the North 
Atlantic may be different at these two resolutions.

The regression relationships with greenhouse gases 
are not significant according to bootstrapping estimates. 
This result is inconsistent with the significant correlations 
extracted from T85 Greenland temperatures and precipita-
tion over the preindustrial period. Nevertheless, the pre-
industrial greenhouse gas term is seen to well reproduce 
the substantial simulated temperature increases over the 
anthropogenic period in Fig. 8, where Greenland tempera-
ture and precipitation estimates are decomposed into their 
separate components for a selection of simulations. It also 
reproduces precipitation increases at T42 resolution and 
underestimates those in precipitation at T85. The contribu-
tions from greenhouse gases first exceed the 95 % range 
of total preindustrial variability by years 1974 and 1956 
for T42 Greenland temperatures and precipitation, respec-
tively. In T85 simulations, the 95 % threshold is exceeded 
by years 1945 and 1978. These estimates are much earlier 
than detected in observational analyses (e.g. Hanna et al. 
2008; Roy and Peltier 2011).

Over the anthropogenic period, solar insolation contrib-
utes very little to multi-decadal variability in either simu-
lated Greenland temperatures or precipitation. Volcanic 
eruptions only appear to have substantial effects over the 
early part of the anthropogenic period. The NAO–EA 
mode, however, plays an important role in Greenland tem-
perature and precipitation estimates at T42 resolution.

Residuals from the anthropogenic period are plotted 
in Fig. 9. Dark grey shading indicates the range of 95 % 
of residuals from the preindustrial period, and light grey 
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shading indicates 95 % confidence intervals for predicted 
values based on the regressions. The widening of the pre-
diction bounds with year is due to an anticipated increase 
in estimated variance as a result of greenhouse gas radiative 
forcings being far from their preindustrial mean values (Sen 
and Srivastava 1990). All of the residuals remain within the 
95 % prediction bounds, except for T42_all_Crowley pre-
cipitation residuals being occasionally low. However, both 
T42 temperature and precipitation residuals begin low with 
respect to preindustrial residuals, even in the natural forc-
ing simulations. T42 temperatures increase to anomalously 
positive values by the end of the twenty-first century. T85 
temperature and precipitation residuals begin within the 
range of preindustrial residuals and then decrease to the 
mid-twentieth century, followed by increases to anoma-
lous values in the mid- and early twenty-first century, 
respectively.

In Fig. 9, the residual increases in temperature or pre-
cipitation are of the same magnitude for both RCPs 4.5 and 
8.5. However, the temperatures and precipitation themselves 
increase roughly 2 °C and 2 cm/a more by year 2080 for 
RCP8.5 than for RCP4.5 at both resolutions. Thus, the lin-
ear model is accounting for most of the scenario-sensitive 

components of the late twenty-first century warming. The 
residual components appear insensitive to representative 
concentration pathway and may reflect forcings not included 
in the empirical model, such as anthropogenic aerosols and 
ozone concentrations, or nonlinearities associated with cir-
culation changes around Greenland. Ozone variations given 
by the differences between residuals from T42_sol_Gao 
simulations and an otherwise identical simulation with fixed 
ozone (plotted in light grey in Fig. 9a, c) do not reproduce 
the residual variations in the fully-transient runs. The direct 
effect of anthropogenic aerosols provides a candidate expla-
nation, as anthropogenic AODs are significantly negatively 
correlated with T85 temperature residuals. However, anthro-
pogenic AODs also exhibit significantly positive correla-
tions with T42 temperature residuals and significantly nega-
tive correlations with precipitation residuals when they lag 
by more than 10 years.

3.3  Comparisons between observations and empirical 
estimates

Few correlations with AND over the preindustrial period 
are significant. AND preindustrial temperatures exhibit 

Fig. 8  Plots of simulated 
Greenland temperature and 
precipitation anomaly time 
series with the components 
contributed by each regression 
model variable. Components 
are labelled in each plot, along 
with the total empirical estimate 
and response. Temperature is 
in plots a and b for T42_all_
Crowley with RCP8.5, and 
T85_all_Crowley with RCP4.5. 
Precipitation is plotted in c and 
d for T42_sol_noO3_Gao with 
no RCP-specific forcings and 
T85_all_Gao with RCP8.5
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significant, positive correlations with AND accumulation 
after a lag of 7 years. Significant predictor correlations are 
detected between AND accumulation and volcanic AODs, 
such that both volcanic reconstructions are negatively cor-
related (p < 0.05) with AND accumulation after being 
lagged by 26–28 years. In addition, AND temperatures 
are significantly positively correlated with solar insola-
tion after a lag of 29 years. All of these peak lag times are 
substantially longer than those obtained from the simula-
tions. Otherwise, some correlations exhibit consistent pat-
terns between reconstructions. AND temperatures are nega-
tively correlated with volcanic AODs and display minima 
when volcanic time series lead temperatures by 3–10 years. 
Similarly, correlations with insolation are positive, and cor-
relations with greenhouse gases are negative. None of the 
NAO–EA time series have data during the preindustrial 
period.

Over the anthropogenic period, many of the predic-
tor variables are cross-correlated, which makes iden-
tiyfing their separate influences difficult. None of the 

Greenland temperature or accumulation time series are 
significantly correlated with the volcanic reconstructions. 
However, we do detect significantly positive correlations 
between solar insolation and both GHCN and BOX tem-
peratures when the solar insolation lags behind tempera-
tures by 14–17 years. This result is attributable to cross 
correlations between solar insolation and the NAO–EA. 
Lagged correlations with the various NAO–EA time series 
exhibit occasional significance at p < 0.05 (particularly 
for GHCN and BOX time series), and they exhibit some 
consistent patterns of correlations. Correlations between 
the NAO–EA and Greenland temperatures are generally 
positive when the NAO–EA leads and generally negative 
when the temperature leads. The pattern is less consist-
ent for accumulation. These common patterns indicate 
a marked departure from the results obtained with the 
simulations. Neither greenhouse gases nor anthropogenic 
AODs exhibit significant correlations with either Green-
land temperatures or accumulation over the anthropogenic 
period.

Fig. 9  Differences between 
simulated Greenland tempera-
ture (a, b) and precipitation (c, 
d) and their empirical esimates 
for T42 (a, c) and T85 (b, d). 
Time series for RCP4.5 are in 
solid lines, and RCP8.5 are in 
dashed lines. Dark grey shading 
indicates 95 % confidence limits 
from residuals over the prein-
dustrial period, and light grey 
shading corresponds to 95 % 
CIs for predicted values based 
on regressions
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The empirical estimates of observed Greenland tem-
peratures and accumulation based on Eq. (1) are not sig-
nificantly correlated with the observational reconstructions 
of Greenland temperatures or precipitation. Nevertheless, 
when only solar and volcanic terms are included in the 
empirical estimates, correlations for Greenland tempera-
tures are significant at both resolutions for AND, GHCN 
and BOX. Correlations with the highest significance are 
obtained with the Crowley volcanic reconstruction rather 
than the Gao reconstruction. No correlations are significant 
between accumulation reconstructions and the solar-vol-
canic model, which is consistent with lagged correlations 
for accumulation and these predictors being much differ-
ent than from the simulations. Nevertheless, when the esti-
mates are calculated using volcanic and solar terms with 
the lags based on AND lagged correlations over the prein-
dustrial period, the accumulation estimates become signifi-
cantly correlated with AND reconstructions, but not with 
any of the other time series. Thus the poor performance of 
the empirical estimates for accumulation are not restricted 
to solar and volcanic lags.

Including either the NAO–EA or greenhouse gas term 
does not improve the accuracy of the estimates. Instead, 

correlations only remain significant in a few cases when 
the estimates are based on the volcanic, solar and NAO–EA 
terms. These cases include GHCN and BOX temperatures 
with the T85 parameters including the Crowley volcanic 
and HadSLP2 NAO–EA reconstructions. Note that the T85 
regression model includes weaker terms for the NAO–EA 
than the T42 model. On the other hand, adding the green-
house gas term makes correlations between the estimated 
and observed time series insignificant in all cases except 
BOX accumulation. Interestingly, the volcanic and solar 
components on their own do not produce an estimate that 
is significantly correlated with BOX accumulation, so the 
greenhouse gas term increases the significance of the com-
parison in this case.

Residual differences between the response variables and 
the full empirical estimates are plotted in Fig. 10. Each col-
our corresponds with a different response time series, and 
solid lines are associated with empirical estimates employ-
ing HadSLP2 NAO–EA time series, while dashed lines are 
associated with 20CR NAO–EA time series. As in Fig. 9, 
dark grey shading indicates the range of 95 % of simulated 
residuals over the preindustrial period, and light grey shad-
ing indicates the confidence bounds based on prediction 

Fig. 10  Residuals for observed 
temperatures in a and b and 
observed accumulation in (c) 
and (d). Different colours cor-
respond to different Greenland 
temperature or accumulation 
reconstructions as labelled. 
Solid lines indicate residuals 
from regressions employing 
NAO–EA time series based on 
HadSLP2 data, and dashed lines 
indicate regressions employing 
NAO–EA time series based on 
20CR data. All other variations 
in regression models (i.e. dif-
ferent volcanic reconstructions, 
different RCPs) are plotted in 
different lines. Dark grey shad-
ing indicates 95 % of simulated 
preindustrial residuals, and light 
grey shading indicates the 95 % 
confidence bounds based on 
prediction using the regression 
model
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statistics using regression models (Sen and Srivastava 
1990). The observed residuals are inconsistent with the 
regression model predictions except for temperatures using 
the T42 model. They are all lower than the range of simu-
lated preindustrial residuals, particularly near the end of the 
twentieth century. These negative residuals are associated 
with over-predictions of the local response to greenhouse 
gases, as the residuals generally lie within the preindustrial 
range when only the volcanic, solar and NAO–EA terms 
are included in the estimate.

Switching the sign of the NAO–EA term in the empiri-
cal estimates employing the full models improves compari-
sons with reconstructed temperatures and accumulation for 
both AND time series and for BOX accumulation. In fact, 
correlations for BOX accumulation using the full empiri-
cal model become significantly positive in nearly all T42 
cases. Decomposing the separate components for one of 
these cases in Fig. 11a demonstrates that the NAO–EA is 
highly positively correlated with BOX accumulation. The 
greenhouse gas term creates a positive offset between the 
estimate and the reconstructed values, but it also repro-
duces some of the accumulation increases beginning in the 
1960s. Box et al. (2013) demonstrates that the sign of the 
relationship between the NAO and Greenland accumulation 
changes on numerous occasions throughout the twentieth 
century. We find no evidence of that here in the relation-
ship with the NAO–EA. Instead, we note that in Fig. 7 dur-
ing the main period that Box et al. (2013) detects negative 
correlations, namely years 1880 to 1940, the variations 
in the EA are negatively correlated with BOX accumula-
tion. Thus, we conclude that the NAO–EA provides a more 
accurate representation of Greenland accumulation vari-
ability than the NAO alone.

Empirical estimates become significantly less correlated 
with GHCN temperatures and precipitation when the sign 
of the NAO–EA is changed. Correlations between GHCN 
accumulation and empirical estimates with all terms but 

greenhouse gases become significantly negative. One 
case is plotted in Fig. 11b, and shows that the NAO–EA 
is highly negatively correlated with GHCN precipitation. 
Thus, we see that the out-of-phase variations between 
GHCN and AND or BOX previously attributed to regional 
sensitivities in the reconstruction methodologies also cor-
respond to variations in the NAO–EA.

4  Discussion

We demonstrate that the anthropogenic period (beginning 
in year 1800) is too short a time to establish many signifi-
cant relationships between observational reconstructions 
of Greenland temperatures or precipitation and internal 
and external climate forcings on multi-decadal timescales. 
The anomalous and highly-correlated increases in emis-
sions of greenhouse gases and anthropogenic aerosols over 
this period particularly confound such attempts. Empirical 
estimates of Greenland-average temperature and precipita-
tion changes based on analyses of preindustrial millennium 
simulations show considerable skill at predicting simulated 
variations over the anthropogenic period. However, they do 
not show comparable skill at reproducing historical varia-
tions in Greenland temperatures or precipitation.

The four different reconstructions of historical Green-
land temperatures and accumulation examined in this study 
are based on different observational records and employ 
different methodologies. These reconstructions exhibit 
significant differences in both their mean values as well as 
their patterns and amplitudes of variability. In particular, 
20CR and GHCN include anomalously low and high tem-
perature and precipitation variability, respectively. GHCN 
precipitation variations are also out of phase with respect 
to the other datasets during some periods. Phase differ-
ences may be evidence of sensitivities in the reconstruc-
tion methods employed to regional climate signals, and 

Fig. 11  Accumulation time 
series for a BOX and b GHCN 
plotted with regression esti-
mates assuming the relation-
ship between the NAO–EA 
and Greenland accumulation is 
positive. Estimates are provided 
for the Gao volcanic reconstruc-
tion and HadSLP2 NAO–EA 
modes based on projecting T42 
simulated modes for RCP4.5
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these differences are significantly correlated with NAO–
EA changes. Three different NAO–EA reconstructions are 
also employed for this period, and they are very similar 
except for their estimates of the amplitude and duration of 
increases from the 1920s to the 1940s.

Empirical estimates for Greenland-average temperatures 
and precipitation are defined through linear combinations of 
volcanic aerosol optical depth, solar insolation, the NAO–
EA and greenhouse gas radiative forcing. The weights for 
each of these variables are established through multiple 
linear regression of data extracted from global simulations 
covering the preindustrial period. The empirical estimates 
lie within the 95 % predictive range of simulated Green-
land temperatures and precipitation over the anthropogenic 
period (1800–2099 years). However, the residual differ-
ences exceed the 95 % range of residuals from the prein-
dustrial period midway through the twenty-first century, or 
even earlier for higher-resolution precipitation. Greenhouse 
gases are associated with the largest component of climate 
variability during the anthropogenic period, and their con-
tributions first significantly exceed background variability 
in the lower-resolution simulations by 1974 and 1956 years 
for Greenland temperatures and precipitation, respectively. 
The years are 1945 and 1978 for higher-resolution temper-
atures and precipitation, respectively. These results suggest 
that the influence of anthropogenic greenhouse gases are 
expected to have been important to Greenland surface con-
ditions much earlier than previously thought.

In contrast to simulated increases in both Greenland tem-
peratures and precipitation over the anthropogenic period, 
Greenland temperature and accumulation reconstructions 
show no substantial increases during the anthropogenic 
period until the late twentieth century. These discrepancies 
suggest Greenland conditions during the twentieth cen-
tury were driven either by natural variations of the North 
Atlantic climate (and the model’s representation of the 
regional influences of greenhouse gases is inaccurate) or by 
greenhouse gas responses in conjunction with counteract-
ing physical processes. These counteracting physical pro-
cesses could include modes of natural variability, which in 
simulations do not follow historical trajectories, or physical 
processes not modelled in CCSM3. In Fig. 5, the warming 
of T42_all_Crowley temperatures over the nineteenth and 
twentieth centuries is interrupted by a few pauses, early in 
the twentieth century and most significantly from the 1950s 
to the 2000s. The first of these hiatuses is well-modelled by 
variations in the NAO–EA. The second appears to be due 
to other components of internal variability. Thus, internal 
variability is capable of obscuring the Greenland response 
to greenhouse gases over periods of a similar duration to 
those observed historically in these simulations. On the 
other hand, anthropogenic aerosols provide a plausible 
example of the latter processes, as they are not included in 

the empirical model and only their direct effects are mod-
elled in the simulations. In addition, simulated residuals 
exhibit some significant correlations with anthropogenic 
aerosols, but the sign and timing of these relationships 
depend on the variable being examined and the resolution. 
Furthermore, indirect effects of anthropogenic aerosols on 
clouds have been previously shown to generate significant 
multi-decadal variability in simulated North Atlantic SSTs 
(Booth et al. 2012). However, there is a degree of indeter-
minacy involved in trying to estimate the amplitude of an 
anthropogenic aerosol signal, since anthropogenic AODs 
and greenhouse gases are so well-correlated over the 
anthropogenic period. Thus, further analyses will need to 
be performed with models that include the indirect effects 
of anthropogenic aerosols to test whether these processes 
are indeed capable of providing counteracting influences 
to greenhouse gases over Greenland. Resolving the cause 
of the discrepancy between modelled and reconstructed 
Greenland conditions will be vital for correctly predicting 
future climate changes over Greenland and their effects on 
global sea levels.

Besides the lack of greenhouse gas signal in observa-
tional reconstructions, another major difference between 
the empirical estimates and the observational reconstruc-
tions is due to the NAO–EA exhibiting different correlation 
patterns for observed Greenland temperatures, accumula-
tion, and the model. As a consequence, although this term 
reproduces much of the multi-decadal variability in the T42 
simulations and to a lesser extent for the T85 simulations, 
it does not improve estimates of observed Greenland tem-
perature and accumulation variability. Reversing the sign 
of the NAO–EA term improves the estimates for AND and 
BOX cases, to the degree that BOX accumulation estimates 
agree with observed reconstructions when the T42 param-
eters are employed. In this dataset, the NAO–EA is a bet-
ter predictor of Greenland accumulation variability than the 
NAO alone.
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