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Abstract 1 

The observed acceleration of glaciers from West Antarctica into the Amundsen Sea is estimated 2 

to be contributing 6% to current sea-level rise with the estimated potential to add 0.24 m to 3 

global sea level. Stronger westerly winds over the Amundsen Sea can increase the flow of 4 

relatively warm ocean water to the base of ice shelves that flow from glaciers into the 5 

Amundsen Sea. Thinning of the glaciers caused by this warming is a potentially important 6 

factor in driving the observed acceleration of glaciers. However, the climatology of winds in the 7 

region has not been extensively studied due to a lack of in-situ observational long-term records. 8 

Here six different reanalysis datasets are assessed (CFSR, ERA-40, ERA-Interim, JRA-25, 9 

MERRA and NNR1) to determine a best estimate of variability and change since 1979 when the 10 

widespread monitoring of the atmosphere from satellites was introduced. A comparison with 11 

independent mean sea level pressure (MSLP) data from ice drifting buoys shows that ERA-12 

Interim is clearly the most accurate at capturing the details of individual weather systems over 13 

the neighbouring Bellingshausen Sea, implying that it is also accurate over the Amundsen Sea. 14 

In terms of climatological means, the five recently-produced (after ~2000) reanalysis datasets 15 

show only small differences. Decadal variations of westerly winds congruent with the observed 16 

increases in the southern annular mode (SAM) index are a consistent feature across the 17 

reanalysis datasets. In particular, the strong seasonal dependence of observed trends in the SAM 18 

(i.e. significant positive trends in the summer and autumn in recent decades) is also seen in the 19 

strength of westerly winds over the Amundsen Sea. In terms of year-to-year variability, the 20 

annual mean westerly winds over the Amundsen Sea were found to be significantly correlated 21 

with the SAM in summer (r=0.35; p≤0.05) and ENSO in spring (September-November) (r=0.41; 22 

p≤0.05).  23 

 24 

25 
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1. Introduction 1 

The Amundsen Sea Embayment (ASE) is a location where glaciers (principally the Pine Island 2 

and Thwaites glaciers) are observed to have been thinning in recent decades (Shepherd et al., 3 

2001). This thinning is associated with an acceleration of flow into the ocean (Rignot et al., 4 

2008). The additional ice entering the ocean is estimated to be contributing approximately 6% to 5 

current sea level rise (Shepherd and Wingham, 2007) with a potential total contribution of 6 

approximately 0.24 m (Vaughan et al., 2006). Strong westerly winds over the Amundsen Sea 7 

were shown in the modelling study of Thoma et al. (2008) to divert relatively warm ocean 8 

currents onto the continental shelf (i.e. toward the ASE) below floating ice shelves at the base of 9 

the glaciers. Melting of these ice shelves could reduce the latitudinal stress on the glacier and 10 

explain at least some of the observed acceleration. However, atmospheric circulation over the 11 

Amundsen Sea has not been extensively studied due to a lack of long-term in-situ observational 12 

records. Recent work has focussed on temperatures over the adjacent West Antarctica (Ding et 13 

al., 2011) and shown that tropical Pacific SST anomalies can affect atmospheric circulation over 14 

the Amundsen Sea. However, a direct assessment of the westerly winds adjacent to the ACE has 15 

not been conducted. The key question addressed here is whether increases in westerly winds 16 

have occurred over the Amundsen Sea that might ultimately contribute to the acceleration of the 17 

glaciers in the ASE. 18 

 19 

The climatological mean winds over the Amundsen Sea exhibit a distinct seasonal cycle with 20 

more pronounced westerly winds during the winter and spring seasons (Thoma et al., 2008). 21 

This occurs in association with the movement of a climatological centre of low pressure, known 22 

as the Amundsen Sea Low, which moves zonally along ~70°S to be situated just east of the 23 

Amundsen Sea in summer and over Ross Sea in other months. In any given season there can be 24 

large departures from climatology, since the Amundsen Sea is a region of particularly large 25 
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mean sea-level pressure (MSLP) variability (Cullather et al., 1996; Lachlan-Cope and 1 

Connolley, 2003).  2 

 3 

As a consequence of the lack of long-term in-situ observational data in the region the main 4 

source of data for studying atmospheric circulation over the Amundsen Sea is reanalysis 5 

datasets. Reanalyses compensate for the lack of in-situ data by using a wide range of 6 

observational data to constrain a full-physics atmospheric model, which provides a best estimate 7 

of the real full three-dimensional structure of the atmosphere through time. Satellite retrieved 8 

soundings are the most important source of data in regions of sparse in-situ observations, since 9 

they can be used to attain relatively accurate estimates of, for example, atmospheric 10 

temperature. Here three new reanalyses are assessed (CFSR, ERA-Interim and MERRA) 11 

alongside three more established reanalyses (ERA-40, JRA-25 and NNR1), see Table 1 for full 12 

names and other details. MSLP data from buoys deployed in the Bellingshausen Sea in late 13 

summer/autumn 2001 are used to assess their skill. King (2003) used this buoy dataset in an 14 

assessment of ECMWF operational weather analyses since it is an independent dataset that is 15 

not assimilated into analyses. 16 

 17 

An important motivation for verifying the reanalyses is to determine the best choice of dataset 18 

for forcing ocean models in this region. An advantage of assessing a large number of reanalyses 19 

is that a measure of confidence in their output can be gained from the inter-model spread. 20 

Agreement between the models implies that their output is not sensitive to their different model 21 

structures and assimilation schemes.  22 

 23 

This paper is structured as follows. In section 2 the reanalysis and drifter buoy datasets are 24 

described. The results of the comparison between the reanalyses and buoy data are then 25 

presented in section 3. In section 4 the climatology of the westerly geostrophic winds over the 26 

Amundsen Sea is shown in detail followed by an assessment of trends and links with the 27 
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Southern Annular Mode (SAM) and El Nino-Southern Oscillation (ENSO) in section 5. This is 1 

followed by the discussion and conclusions in section 6.  2 

 3 

2. Data and methods 4 

Six reanalysis datasets were considered in this assessment: CFSR, ERA-40, ERA-Interim, JRA-5 

25, MERRA and NNR1. Their full names and other details are shown in Table 1. Reanalyses are 6 

atmospheric datasets constructed using a weather model to fill the gaps in space and time 7 

between in-situ observations.   8 

 9 

NNR1, ERA-40 and JRA-25 have been available for a number of years. Bromwich et al. (2007) 10 

provide a comprehensive review of the performance of these more established reanalyses over 11 

the polar regions. They exhibit large biases in the Southern Hemisphere troposphere before the 12 

widespread introduction of satellite-retrieved soundings in 1979 (Hines et al. 2000; Marshall 13 

and Harangozo, 2000; Renwick, 2004; Sterl, 2004). In the modern satellite era (i.e. since 1979) 14 

NNR1 showed significant biases in mean MSLP around Antarctica persisting into the 1990s. 15 

This was due to observations being rejected where differences from the model were large. Since 16 

1979 a steady increase in the number of in-situ observations and upgrades/additions to satellite-17 

borne remote sensing has resulted in an increase in the number of accepted observations. In 18 

particular many Australian automatic weather stations were assimilated in the mid 1990s, which 19 

was probably the main contributor in ending an MSLP bias in NNR1 over East Antarctica 20 

(Hines et al., 2000; Marshall and Harangozo, 2000; Bromwich and Fogt, 2004). ERA-40 shows 21 

consistently small biases in MSLP after 1979 when compared to in-situ observational records. 22 

Bromwich et al. (2007) found better agreement between JRA-25 and ERA-40 than between 23 

NNR1 and ERA-40, indicating that JRA-25 biases are also relatively small during the modern 24 
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satellite era. Differences in SLP between all three are relatively small over the Amundsen Sea 1 

region (Bromwich et al., 2007).  2 

 3 

Anomalies in the stratosphere are now recognised as having an impact on surface atmospheric 4 

circulation (Thompson et al., 2005). Comparisons with observations in the stratosphere over the 5 

poles are more difficult due to the lack of in-situ measurements. The most detailed assessments 6 

are based on superpressure balloon campaigns such as those of Manney et al. (2005) and 7 

Boccara et al. (2008). As with the troposphere they find that ERA-40 is more accurate than 8 

NNR1, but do not assess JRA-25. 9 

 10 

In recent years a new generation of reanalyses have been launched (MERRA, ERA-Interim and 11 

CFSR). Their skill in simulating Antarctic climate is not yet well known. Some of the important 12 

aspirations/improvements are: (i) increased resolution, (ii) improved observational datasets, (iii) 13 

more realistic representation of stratospheric dynamics (iv) improved assimilation and bias 14 

correction of satellite radiances and (v) improved representations of the hydrological cycle. It is 15 

notable that a 4D-Var data assimilation scheme is used in ERA-Interim, which would be 16 

expected to incorporate the observational data in a more dynamically consistent way than the 17 

3D-Var schemes used in the other reanalyses. More details can be found in the references listed 18 

in Table 1. It should also be noted that MERRA and CFSR share common origins. In particular 19 

both the input data and analysis system used for MERRA and CFSR are nearly the same (Saha 20 

et al., 2010).  21 

 22 

A dataset of MSLP measurements from drifting buoys deployed on sea ice in the 23 

Bellingshausen Sea was used to compare the skill of the reanalysis datasets off coastal West 24 

Antarctica. Since the Bellingshausen Sea is located only 500 km to the east of the Amundsen 25 

Sea, this dataset should give a good indication of the performance of the reanalyses over the 26 

Amundsen Sea. The MSLP dataset comprises data from three Metocean Compact Air-Launched 27 
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Ice Drifters (CALIBs) and intermittently spans the period 18 February to 21 May 2001. The 1 

Global Telecommunications System (GTS) of the World Meteorological Organization (WMO) 2 

did not have access to the data, which are therefore an independent source of information as 3 

they were not assimilated into atmospheric analyses. From a deployment of three CALIBs on 18 4 

February one failed shortly after but the other two (ARGOS IDs 21376 and 21388) were 5 

successful. Another CALIB was deployed on 25 April (ARGOS ID 21392). However, King 6 

(2003) points out that just after the deployment of CALIB 21392 three surface velocity profiling 7 

barometers (SVPBs) were deployed approximately 135 km to the north and sent data to the 8 

GTS. Therefore the approach of King (2003) is followed by focussing on data from CALIBs 9 

21376 and 21388 over the period that they produced reliable data from 18 February through 15 10 

March. For more details of the CALIB dataset including a map of buoy locations see King 11 

(2003).  12 

 13 

For comparisons between reanalysis and observations, the CALIB observations made at the 14 

model analysis times 00, 06, 12 and 18Z ± 1 hour were selected. A bilinear interpolation was 15 

then used to extract MSLP from the gridded reanalyses at the CALIB locations. Where more 16 

than one MSLP observation from a given CALIB occurs within 1 hour of one of the analysis 17 

times, an average of these observations was used.   18 

 19 

3. Comparison between reanalyses and drifting buoy 20 

observations 21 

Following King (2003) interpolated reanalysis data are compared to CALIBs 21376 and 21388 22 

over the period 18 February through 15 March 2001 (Figure 1). From Figure 1 it is clear that 23 

most of the reanalyses agree well with the CALIB data. However, relatively large differences of 24 

~5-10 hPa occur frequently for the JRA-25 and NNR1 reanalyses. JRA-25 also exhibits a 25 
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dependence on pressure, with larger positive biases for lower pressure, which indicates 1 

particular problems with simulating cyclones. Such dependence is not evident for the other 2 

reanalyses. The mean bias and variance (standard deviation) of the differences are plotted in 3 

Figure 2a shows that in most cases the mean bias is within or very close to the CALIB 4 

instrumental error of 1 hPa. The exceptions are the positive mean biases seen in NNR1 5 

(CALIBs 21376 and 21388) and JRA-25 (CALIB 21388). The MSLP biases in NNR1 have 6 

been well documented in previous studies (e.g. Bromwich and Fogt, 2004; Marshall, 2003). 7 

However, the reason for particularly large differences between JRA-25 and 23188 is not clear. 8 

However, comparing the different reanalyses over many years shows distinct year-to-year 9 

variations in the relative biases over the Bellingshausen Sea (Figure 3). The slightly larger mean 10 

bias in JRA-25 compared to the other reanalyses over the period spanned by the CALIB data 11 

cannot be taken as representative of the full period since 1979. Indeed it is clear from Figure 3 12 

that, apart from NNR1, there is generally good agreement between the reanalyses.  13 

 14 

The variance about the mean bias shows clearer differences between different reanalyses 15 

(Figure 2). ERA-Interim shows the smallest variance, which indicates that it is the most 16 

accurate at simulating specific weather events such as cyclones and fronts. ERA-40 shows the 17 

next smallest variance, despite having a lower spatial resolution than MERRA and CFSR. This 18 

is possibly an indication that ERA-40 makes better use of available observations to constrain the 19 

model. NNR1 shows the largest variance .  Only ERA-Interim matches the performance of the 20 

ECMWF operational model that was the subject of analysis of King (2003).  21 

 22 

For a short period CALIBs 21376 and 21388 were transmitting simultaneously. Therefore the 23 

MSLP gradient between them could be compared with the reanalyses. Figure 2b shows 24 

differences between the gradients recorded by the CALIBs and those extracted from reanalysis 25 

data. It is difficult to draw robust conclusions from this, since the model-CALIB differences are 26 

mainly less than the cumulative instrumental error from the two CALIBs (2 hPa). 27 
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 1 

Results from just one or two months are of course unlikely to be fully representative of the 2 

longer-term performance of the reanalysis datasets. For instance the skill can vary with season. 3 

There may also be variations across models in their skill at simulating specific weather patterns 4 

such as blocking, which can vary in prevalence over a one-month time scale.  5 

 6 

The relative differences between the reanalyses in MSLP estimates over the Amundsen Sea are 7 

very similar to those seen over the Bellingshausen Sea (Figure 3). This shows that the general 8 

good agreement between the CALIB data and reanalyses over the Bellinghausen Sea is a good 9 

indication of skill over the Amundsen Sea.  10 

 11 

4. Geostrophic wind climatology and variability 12 

There is a distinct seasonal variation of the MSLP pattern over the Amundsen Sea. During most 13 

of the year a climatological centre of low pressure (the Amundsen Sea Low) is located towards 14 

the Ross Sea. However, during summer the Amundsen Sea Low moves to the east towards the 15 

Bellingshausen Sea. Thoma et al. (2008) show that over the Amundsen Sea this gives mainly 16 

westerly geostrophic winds for most of the year, with a period of weak easterlies in summer. 17 

They use a westerly geostrophic wind index to capture this variability, which is the difference 18 

between the mean along two latitudinal arcs at 67.5°S and 72.5°S. Both arcs span the longitude 19 

range 100°W to 125°W. The region over which this is defined in indicated in Figure 4a. Here 20 

the index is denoted as ∆pAS. A positive index therefore indicates westerly geostrophic wind (a 21 

∆pAS of 1 hPa corresponds to a geostrophic westerly wind of ~2 ms-1

 23 

).  22 

The annual mean climatology of MSLP as estimated from ERA-Interim is shown in Figure 4a. 24 

This shows that the long-term mean annual average gives very weak MSLP gradients over the 25 
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Amundsen Sea. ERA-Interim was chosen due to its greater accuracy compared to the CALIB 1 

data. CFSR and MERRA also span the full period from 1979. Climatological differences 2 

between ERA-Interim and CFSR over this period  are generally small away from land, as 3 

demonstrated by Figure 4b. However, the differences do indicate a slightly more positive ∆pAS

 8 

 4 

in ERA-Interim compared to CFSR.  Almost identical differences were found between ERA-5 

Interim and MERRA (not shown). Larger differences become apparent over West Antarctica, 6 

but MSLP is not a valid quantity over high elevations.  7 

The rather stagnant annual average MSLP gradient is not representative of the majority of 9 

months, or indeed seasons. A time series showing ∆pAS 

Figure 5

from 1979 through 2009 filtered to 10 

seasonal (3-month) time scales shows the clear intra-annual fluctuations between westerly and 11 

easterly near-surface winds ( ). It is the periods of strong positive ∆pAS 

 16 

that have been 12 

found to coincide with intrusions of circumpolar deep water onto the continental shelf toward 13 

the ASE (Thoma et al., 2008). The different reanalyses generally show similar results and it is 14 

difficult to distinguish between them in Figure 5.  15 

The inter-model differences are more apparent with a twelve-month low-pass filter applied to 17 

the ∆pAS Figure 6time series ( ). The differences between the reanalyses are largest during the 18 

1980s and reduce during the 1990s, in agreement with the idea that additions and improvements 19 

in the observations have gradually reduced biases over the modern satellite era (Bromwich et 20 

al., 2007). The position of each model in the inter-model range remains broadly constant over 21 

time. For instance, during most of the period JRA-25 is at or near the top of the inter-model 22 

range and NNR1 is at or near the bottom. From year to year however the relative bias among the 23 

models changes quite markedly. The changes in bias over time are important when considering 24 

long-term trends. The reanalyses that span the full period clearly show more positive values of 25 

∆pAS from the early 1990s onwards, with a large change at approximately 1992. It is unlikely 26 
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that this large change is an artefact of changes in observational input data. Previous studies have 1 

identified such artefacts in a number of reanalyses, but not for the year 1992 (Onogi et al., 2007; 2 

Sakamoto and Christy, 2009; Bromwich et al., 2011; Screen and Simmonds, 2011). In addition 3 

these studies show that in general reanalyses systems respond differently to changes in input 4 

data, further suggesting that the change in 1992 is not an artefact. The reliability of this increase 5 

in ∆pAS 

 7 

will be discussed in the context of the SAM in the next section.  6 

5. Recent trends and links with large-scale variability 8 

In order to assess long-term changes over the Amundsen Sea it is important to determine links 9 

with larger scale weather patterns. If robust links are identified then it can be possible to link 10 

regional change to factors such as the ozone hole (Marshall et al., 2006). The possibility of 11 

developing an ice-core proxy for ∆pAS 

Figure 2

is also an important motivation for assessing large-scale 12 

links. Of the four most recent reanalyses, CFSR, ERA-Interim and MERRA were used for 13 

assessing variability. The other, JRA-25, was not used since it produces mean biases larger than 14 

instrumental error ( ) and shows and a strong dependence between bias and pressure 15 

(Figure 1). 16 

 17 

Month-to-month variability in ∆pAS 

Figure 7

estimated from ERA-Interim is strongly positively 18 

correlated with MSLP variability over the South Pacific sector of the Southern Ocean, with a 19 

maximum of 0.7 at approximately 62°S, 120°W ( ). Somewhat weaker negative 20 

correlations of between -0.2 and -0.4 extend over all Antarctica. A ring of small positive 21 

correlations at ~40°S indicates only a weak positive correlation with the SAM index. The results 22 

from CFSR and MERRA data are almost identical (not shown).  23 

 24 
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Time series of annual mean ∆pAS 

Figure 8

calculated from CFSR, ERA-Interim and MERRA are shown 1 

in  along with the SAM index of Marshall (2003), which is based entirely on long-term 2 

in-situ observations. For the purposes of comparison with the SAM index the ∆pAS time series 3 

are normalised by their standard deviation. There is little correspondence between ∆pAS and the 4 

SAM index in terms of year-to-year variability (r=0.00 for ERA-Interim). However, a change 5 

from lower SAM index values in the 1980s to higher values since the early 1990s broadly 6 

correlates with the decadal changes in ∆pAS Figure 6seen in the reanalysis datasets ( ).  7 

 8 

If the trends in the SAM are indeed linked to the trends in ∆pAS then one would expect a strong 9 

seasonal dependence in the trends in ∆pAS that matches the well-documented seasonal 10 

dependence of trends in the SAM (Thompson and Solomon, 2002). The summer (December-11 

February) and autumn (March-May) trends in ∆pAS 

Figure 9

are much more strongly positive and follow 12 

the decadal changes in the SAM ( ). Both indices show a rapid summer and autumn 13 

increase from the mid 1980s to ~2000 after which they return to more neutral values. The 14 

correlations are only significant (p ≤ 0.05) in summer. For winter there is no correlation 15 

between the SAM and ∆pAS 

Figure 9

(r=0.01 for both CFSR and MERRA and r=-0.00 for ERA-Int) and 16 

neither index shows a detectable linear trend ( ).  17 

 18 

In addition to correlations with the SAM, previous studies indicate relatively strong correlations 19 

between ENSO and pressures over the Amundsen Sea of up to 0.5 in winter (e.g. Harangozo, 20 

2000). The correlation between ∆pAS 

Figure 10

estimated from ERA-Interim and the NINO3.4 index in 21 

winter is 0.24, which is comparatively weak. A much stronger correlation coefficient of 0.41 22 

(significant for p ≤ 0.05) is found for spring ( ) and a much weaker correlation of 0.17 23 

(insignificant for p > 0.05) in both summer and autumn.  Calculations based on CFSR and 24 

MERRA gives almost identical correlation coefficients. 25 

 26 
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6. Discussion and conclusions 1 

In this paper the climatology and variability of westerly geostrophic wind over the Amundsen 2 

Sea has been documented. This is potentially an important factor in affecting the melt rate at the 3 

base of ice shelves that flow out from glaciers into the Amundsen Sea (Thoma et al., 2008).  4 

 5 

There are no long-term in-situ observational records over the Amundsen Sea or the surrounding 6 

region. Reanalysis datasets were therefore the main source of meteorological data used in this 7 

study. Three new reanalyses (CFSR, ERA-Interim and MERRA) were assessed alongside three 8 

more established reanalyses (ERA-40, JRA-25 and NNR1). A comparison with independent 9 

mean sea level pressure (MSLP) data from ice drifting buoys (CALIBs) showed that ERA-10 

Interim is clearly the most accurate over the neighbouring Bellingshausen Sea, implying that it 11 

is also accurate over the Amundsen Sea. Other reanalyses were found to be less accurate (i.e. 12 

larger bias variances), but in almost all cases showed mean biases within the CALIB 13 

instrumental error. This implies that relative to ERA-Interim the other reanalyses are not as 14 

successful at capturing the details of individual weather systems, but with the exception of 15 

NNR1 produce a similarly accurate mean state. CFSR, ERA-Interim and MERRA were used for 16 

the correlation analysis back to 1979. JRA-25 was not used since it showed a larger bias 17 

variance than the other reanalyses and a strong dependence between bias and pressure.  18 

 19 

Strong westerly winds over the Amundsen Sea are associated with a distinct high-pressure ridge 20 

that is centred at the same longitude as the Amundsen Sea and just north of 60°S (Figure 7). 21 

This is consistent with the case study of strong westerly winds conducted by Thoma et al. 22 

(2008), which shows a high pressure ridge in the same location in spring 1994. The strong 23 

correlation with pressures over the extreme South Pacific is probably the reason for the positive 24 

correlation with ENSO (NINO3.4), which is strongest (0.41; p ≤ 0.05) in the spring season.  25 

 26 
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Year-to-year correlations between ∆pAS and the SAM are much smaller, but trends in both 1 

indices follow the same decadal pattern and seasonal dependence. This indicates that an external 2 

underlying factor (or a number of factors) influences the decadal changes in both. Modelling 3 

studies show strong evidence that the annual cycle in the SAM trends can be explained by the 4 

formation of the ozone hole, the effect of which propagates down from the stratosphere to affect 5 

the troposphere in winter and autumn (Thompson and Solomon, 2002). It is possible that in 6 

addition to projecting on the SAM (i.e. increasing the strength of the circumpolar westerly 7 

winds over the Southern Ocean), the westerly winds over the Amundsen Sea are also affected 8 

by the ozone hole. The wider implication of the positive trends in ∆pAS is that there are ongoing 9 

changes that act to increase the frequency/severity of intrusions of circumpolar deep water to the 10 

inner continental shelf of the Amundsen Sea. Thoma et al. (2008) forced their ocean model 11 

using NNR1 and found a decade of warming of shelf water in the 1990s. Our results show that 12 

the increase in ∆pAS

 16 

, to which this warming was attributed, is robustly reproduced by other 13 

reanalyses. The close correspondence to decadal changes in the SAM further suggests that these 14 

changes are not merely an artefact of the reanalysis models.  15 

A number of questions remain for future work. How did ∆pAS vary before 1979 and can we use 17 

ice core proxies to determine this? To what extent have climate drivers such as the ozone hole, 18 

greenhouse gases and volcanic eruptions contributed to changes in ∆pAS and are any climate 19 

models sufficiently reliable in their simulation of the Amundsen Sea region to answer this 20 

question? Are the changes in ∆pAS 

 23 

documented here large enough to have a significant impact 21 

on ocean temperatures, hence on melting of ice shelves, hence on the flow speed of glaciers?  22 
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 Figure captions 1 

 2 

Figure 1. CALIBs 21376 and 21388 compared to CFSR, ERA-40, ERA-Interim, JRA-25 3 

MERRA and NNR1.  4 

 5 

Figure 2. Differences between reanalyses (which are grouped as labelled along the abscissa) 6 

and CALIB data. (left panel) For all CALIB data (90, 50 and 100 obs for CALIBs 21376, 21388 7 

and 21392 respectively) and (right panel) for differences between simultaneous data points from 8 

CALIB 21376 and 21388 (46 obs). The mean reanalysis minus CALIB differences are shown 9 

by the symbol and the bars show the standard deviations. The different symbols in (a) denote 10 

different CALIBs as indicated in the key. The dotted lines show the instrumental error. In (b) a 11 

cumulative instrumental error was used since no information on the statistical distribution of 12 

instrumental errors was available. 13 

Figure 3. Sea-level pressure from reanalyses for (left) the Bellingshausen Sea (72.5S, 90W) and 14 

(right) the Amundsen Sea (72.5S, 110W). A one-year low pass digital filter was applied to the 15 

time series of monthly mean data.   16 

 17 

Figure 4. (a) ERA-Interim climatological annual mean MSLP for 1979-2009. (b) The difference 18 

in climatological annual mean MSLP between ERA-Interim and CFSR for 1979-2009. The 19 

region over which ∆pAS 

 22 

is defined is indicated by the box in (a) and the location of the 20 

Amundsen Sea Embayment is indicated by ‘ASE’. 21 

Figure 5. Seasonal timescale variations of time series of the Amundsen Sea SLP index from the 23 

various reanalysis datasets. The monthly data was smoothed using a low pass (3-month 24 

threshold) digital filter. 25 
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 1 

Figure 6. Annual timescale variations of time series of the Amundsen Sea SLP index from the 2 

various reanalysis datasets. The monthly data was smoothed using a low pass (12-month 3 

threshold) digital filter. 4 

 5 

Figure 7. The spatial distribution of correlations between time series of monthly mean MSLP at 6 

all grid points and the time series of monthly mean ∆pAS

 12 

. Prior to calculating correlations all 7 

time series were processed as follows: (i) the multi-year mean for each month was subtracted, 8 

(ii) each calendar month was normalised by the standard deviation of the year-to-year variability 9 

for that month and (iii) a linear detrending was applied. The bold black line shows the contour 10 

for a p-value of 0.05. Data from ERA-Interim.    11 

Figure 8. The Marshall SAM index (solid line) and normalised ∆pAS (dashed line:CFSR, 13 

dashed-dot line: MERRA, dashed-dot-dot-dot line: ERA-Interim). The time series of annual 14 

mean ∆pAS was normalised by the standard deviation of its year-to-year variability. The 15 

correlation coefficient between the Marshall index and ∆pAS

 18 

 from ERA-Interim (both linearly 16 

detrended) is shown in the plot title.  17 

Figure 9. As in Figure 8 but for summer (DJF), autumn (MAM), winter (JJA) and spring 19 

(SON).  In each season the time series of ∆pAS was normalised by the standard deviation of its 20 

year-to-year variability in that season. For DJF the year refers to December. The correlation 21 

coefficients between the Marshall index and ∆pAS from ERA-Interim (both linearly detrended) 22 

are shown in the plot titles.  23 
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 1 

Figure 10. As for Figure 8, but with ∆pAS  (dashed line) plotted with NINO3.4 (solid line) in 2 

spring (SON).  The correlation coefficient between the NINO3.4 index and ∆pAS

5 

 from ERA-3 

Interim (both linearly detrended) is shown in the plot title.  4 
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Tables 1 

Table 1. Reanalysis product details. 2 

Name (full name) Reference Data period Horizontal grid 
(approx. grid size at 
50° latitude) 

Model top 
(hPa) 

CFSR (NCEP Climate 
Forecast System 
Reanalysis) 

Saha et 
al.(2010) 

1979-present T382 (~ 34 km) ~ 0.27  

ERA-40 (European 
Centre for Medium 
Range Weather 
Forecasting 40 Year Re-
analysis) 

Uppala et al. 
(2005) 

September 
1957-August 
2002 

T159 (N80; ~125 
km) 

0.1  

ERA-Interim (European 
Centre for Medium 
Range Weather 
Forecasting Interim Re-
analysis) 

Dee et 
al.(2011) 

1979-present T255 (N128; ~79 
km) 

0.1  

JRA-25 (Japanese 25-
year Reanalysis) 

Onogi et al. 
(2007) 

1979-present T106 (~120 km) 0.4 

MERRA (NASA Modern 
Era Retrospective-
Analysis for Research 
and Applications) 

Rienecker et 
al. (2011) 

1979-present 0.5°×0.67° (~50 km)  0.01 

NNR1 (National Centers 
for Environmental 
Prediction (NCEP) / 
NCAR (National Center 
for Atmospheric 
Research) Reanalysis 1) 

Kalnay et al. 
(1996) 

1948-present T62 (~210 km) ~ 3  

 3 

 4 
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