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Abstract The temporal consistency of the moisture fields (precipitation, evaporation and

total precipitable water) from five global reanalyses is examined over Antarctica and the

Southern Ocean during 1989–2009. This concern is important given that (1) global rea-

nalyses are known to be prone to inhomogeneities and artificial trends caused by changes

in the observing system, and (2) the period of study has seen a dramatic increase in the

volume of satellite observations available for data assimilation. In particular, the study

aims to determine whether the recent reanalyses are suitable for investigating changes in

Antarctic surface mass balance. The datasets investigated consist of NCEP-2, JRA-25,

ERA-Interim, MERRA and CFSR. Strong evidence of spurious changes is found in NCEP-

2, JRA-25, MERRA and CFSR, although the magnitude, spatial patterns and timing of

these artifacts vary between the reanalyses. MERRA exhibits a jump in Antarctic pre-

cipitation-minus-evaporation (P–E) and in Southern Ocean precipitation in the late 1990s.

This jump is related to the introduction of sounding radiances from the Advanced

Microwave Sounding Unit (AMSU). The impact of AMSU is also discernible, albeit less

pronounced, in CFSR data. It is shown that ERA-Interim likely provides the most realistic

depiction of the interannual variability and overall change in Antarctic P–E since 1989. We

conclude that the presence of spurious changes is not a solved problem in recent global

reanalyses. Caution should continue to be exercised when using these datasets for trend

analyses in general, particularly in high southern latitudes.
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1 Introduction

The Antarctic Ice Sheet receives each year, on average, the equivalent of 6 mm of global

mean sea level as snowfall. In light of the current 3.3 ± 0.4 mm year-1 rate of global

mean sea level rise (Nicholls and Cazenave 2010), the temporal changes in this mass input,

described as the surface mass balance (SMB), are of great climatic and societal interest

(Meehl et al. 2007). Given the sparsity of accumulation measurements in Antarctica (Eisen

et al. 2008) and the low spatial representativeness attached to these observations (Kaspari

et al. 2004; Frezzotti et al. 2005), global reanalyses are instrumental for investigations of

the changes in Antarctic SMB during recent decades.

In global reanalyses, a variety of historical observations are assimilated into a numerical

weather prediction model, allowing the spatial and temporal observational gaps to be filled

in a manner consistent with the model physics and dynamics (e.g., Uppala et al. 2008).

Still, with meteorological observations restricted mainly to a few coastal Antarctic stations

and isolated islands, the mid-high southern latitudes have long been an immense data void.

Admittedly, the discrepancy with the observationally dense Northern Hemisphere has been

considerably alleviated since 1979, the start of the modern satellite era. The observational

coverage of high southern latitudes has been further improved through the launch of

multiple polar-orbiting satellite missions in the late 1990s/early 2000s, especially as part of

the Earth Observing System (EOS) Program of the National Aeronautics and Space

Administration (NASA) (e.g., Parkinson 2003).

Nevertheless, in two respects, the Antarctic and Subantarctic regions can still be

regarded as data-sparse areas. First, the benefits of spaceborne remote-sensing data remain

uneven in these regions. While abundant satellite observations have become available over

the Southern Ocean, the situation over the Antarctic continent has changed little: the

difficult detection of clouds and uncertainties in surface emissivity still largely preclude the

use of satellite radiances over the ice sheet (Rabier et al. 2010; Bouchard et al. 2010; Guedj

et al. 2010). Second, direct meteorological observations such as from radiosondes remain

essential to calibrate satellite radiances and ensure the temporal consistency of the geo-

physical quantities derived from them (Dee and Uppala 2009). This observational con-

straint is still largely absent over the Southern Ocean, making the reanalysis time series

in this region prone to artificial trends and jumps (Hines et al. 2000; Marshall 2002;

Bengtsson et al. 2004a, b; Van de Berg et al. 2005; Bromwich et al. 2007).

The paucity of observations, adding to the extreme conditions of the Antarctic climate,

has made the mid-high southern latitudes an important challenge for the reanalysis projects

carried out thus far. A review of the performance of the global reanalyses in the polar

regions was first given by Bromwich et al. (2007), building in part on the results from

Bromwich and Fogt (2004). The reanalysis datasets examined in this review included: the

National Centers for Environmental Prediction (NCEP)-Department of Energy Atmo-

spheric Model Intercomparison Project 2 reanalysis (NCEP-DOE AMIP-2, or NCEP-2;

Kanamitsu et al. 2002); the European Centre for Medium-Range Weather Forecasts

(ECMWF) 40-year Reanalysis (ERA-40; Uppala et al. 2005); and the Japan Meteorolog-

ical Agency (JMA) 25 year Reanalysis (JRA-25; Onogi et al. 2007). Three new global

reanalysis datasets have been recently released: the ECMWF ‘Interim’ reanalysis (ERA-

Int; Simmons et al. 2006; Uppala et al. 2008); the NASA Modern Era Retrospective-

analysis for Research and Applications (MERRA; Bosilovich et al. 2006); and the NCEP

Climate Forecast System Reanalysis (CFSR; Saha et al. 2010).

The new reanalyses feature a number of improvements. Variational bias correction

schemes have been developed to automatically and adaptively handle biases in satellite
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radiances (Auligné et al. 2007; Dee and Uppala 2009). Observation error statistics from

previous reanalysis experiments have served to bias correct radiosonde records (Haim-

berger 2007). Higher horizontal and vertical model resolutions have been implemented, a

critical aspect for the modeling of Antarctic SMB because of the importance of orographic

precipitation on the ice sheet’s steep margins. Furthermore, the recent reanalyses have

incorporated the wealth of satellite observations acquired since the late 1990s. These data

have provided enhanced constraint on atmospheric temperature and moisture profiles, but

have also generated a dramatic increase in the volume of satellite observations (Dee et al.

2009; Saha et al. 2010), the impact of which has not yet been investigated.

Bromwich et al. (2011, accepted) compared the changes in precipitation and pre-

cipitation-minus-evaporation (P–E) over Antarctica and the Southern Ocean simulated by

five global reanalyses during 1989–2009, their period of overlap. They found marked

differences in their respective depiction of the temporal changes in P and P–E. Spurious

changes were identified in NCEP-2, JRA-25 and MERRA over Antarctica and the Southern

Ocean. The present study aims to complement this first investigation by exploring addi-

tional variables and performing a finer temporal analysis.

The sections are organized as follows. Section 2 introduces the datasets and some

methodological aspects. Section 3 describes the temporal variability and trends in Ant-

arctic P–E. Section 4 explores the changes in precipitation and evaporation over the

Southern Ocean. Section 5 investigates the changes in atmospheric precipitable water and

meridional wind in an effort to further account for the trends in Antarctic P–E observed in

the reanalyses. A synthesis table of our results and concluding remarks are given in Sect. 6.

2 Data and Methods

2.1 Reanalysis Datasets

The main characteristics of the six reanalysis datasets used in this study are summarized in

Table 1. NCEP-2 and ERA-40 have been widely used in the literature and will therefore

not be introduced here. The use of ERA-40 in our investigation is overall more secondary,

as it does not provide data beyond August 2002.

JRA-25 is based on JMA’s operational forecasting model and assimilation system as of

April 2004. As such, it is the first reanalysis to assimilate observations from sensors

onboard the constellation of EOS polar-orbiting satellites (e.g., QuikSCAT, Terra and

Table 1 Characteristics of the reanalyses

Reanalysis Organization Time coverage Horizontal
resolution

Vertical
levels

Assimilation
system

NCEP-2 NCEP/DOE 1979–present T62, *210 km 28 3D-Var

ERA-40 ECMWF 9/1957–8/2002a T159, *125 km 60 3D-Var

JRA-25 JMA/CRIEPI 1979–present T106, *125 km 40 3D-Var

ERA-Int ECMWF 1979–present T255, *80 km 60 4D-Var

MERRA NASA/GMAO 1979–present 1/2� 9 2/3�, 55kmb 72 3D-Var

CFSR NCEP 1979–present T382, *38 km 64 3D-Var

a For ERA-40, only the 1979–2002 period is considered here
b Resolution in latitude
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Aqua satellites). Evaluation of JRA-25 precipitation showed higher correlation with global

precipitation analyses than NCEP-2 and ERA-40 (Onogi et al. 2007; Bosilovich et al.

2008).

ERA-Int starts in 1989 and, unique among current global reanalyses, uses a 4D-Var

assimilation system. Biases in satellite radiances are corrected via a variational bias cor-

rection scheme (Dee and Uppala 2008, 2009). A similar approach is also used to handle

biases in surface pressure observations (Vasiljevic et al. 2006). Thanks to improved model

physics and moisture analysis, ERA-Int has eliminated some of the problems with the

representation of the hydrological cycle in ERA-40 (Andersson et al. 2005; Uppala et al.

2008).

MERRA uses a 3D-Var assimilation system, the Grid-point Statistical Interpolation

(GSI) scheme (Kleist et al. 2009); a variational bias correction of satellite radiances; and

the Incremental Analysis Updates (IAU), a nudging technique allowing for a smooth

transition from the model states toward the observed state (Rienecker et al. 2008; Cullather

and Bosilovich 2011, accepted).

CFSR was completed in January 2010 and brings major improvements to NCEP-2,

including a higher-resolution forecast model and intensive use of satellites observations.

Similar to MERRA, observations are assimilated via the 3D-Var GSI system. CFSR is the

only reanalysis using a coupled atmosphere–ocean-sea-ice-land model for its short-term

forecasts.

The precipitation (P) and surface evaporation/sublimation (E) data are taken from the

reanalysis forecast fields. Surface evaporation/sublimation fluxes are not available in

NCEP-2 and JRA-25 and are calculated from the latent heat fluxes at the surface using a

constant latent heat of sublimation of 2.838 9 106 J kg-1.

2.2 The Antarctic Surface Mass Balance

The reanalysis SMB is calculated as precipitation minus surface evaporation/sublimation

(P–E). This quantity neglects other relevant ablation processes such as melt/runoff, wind-

induced snow transport and blowing-snow sublimation. Melt/runoff contributes negligibly

to the overall SMB (Liston and Winther 2005; Tedesco and Monaghan 2009). The wind-

related processes can be important, especially in the escarpment zone, and can produce net

ablation in some areas (e.g., Frezzotti et al. 2007; Genthon et al. 2007; Scarchilli et al.

2010). Nevertheless, precipitation dominates the interannual variability of the Antarctic

SMB (Cullather et al. 1998; Van de Berg et al. 2005; Monaghan et al. 2006a; Van den

Broeke et al. 2006), supporting the use of P–E for our purposes. The contours of the

grounded ice sheet and the floating ice shelves are taken from Vaughan et al. (1999),

available at a 1� 9 1� latitude-longitude resolution (Fig. 1).

Bromwich et al. (2011, accepted) examined the skill of the reanalyses at simulating the

long-term mean annual Antarctic SMB. The mean annual values for P, E and P–E are

reported in Table 2. Their evaluation included a comparison with the observation-based

accumulation map from Arthern et al. (2006). CFSR and, to a lesser extent, MERRA were

found to agree particularly well with the observed accumulation. On the other hand, ERA-

Int revealed a marked dry bias over the high-elevated East Antarctic plateau, already

present (and more pronounced) in ERA-40, whereas JRA-25 substantially overestimated

the accumulation over the same area. P–E was found to be excessively low in NCEP-2

because of unrealistically large sublimation fluxes. Bromwich et al. (2011, accepted)

emphasized the caution required when using the Arthern et al. (2006) SMB estimates given

their uncertainties and known biases.
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2.3 Caveats to the Evaluation of Reanalyses in High Southern Latitudes

The data sparsity characteristic of the high southern latitudes constitutes both a challenge

for the reanalyses and a major obstacle to their evaluation. Our evaluation includes the use
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Fig. 1 Map of Antarctica showing elevation contours with 200-m intervals

Table 2 Mean total annual values for P, E, and P–E from the reanalyses during the 1989–2009 period
(1989–2001 for ERA-40) in mm year-1 spatially averaged over the grounded Antarctic ice sheet
(12.35 9 106 km2)

NCEP-2 JRA-25 ERA-40 ERA-Int MERRA CFSR V99 A06

P 172 203 145 148 169 201 – –

E 93 49 26 19 12 46 – –

P–E 79 154 119 130 157 155 – –

Accum. – – – – – – 149 143

For ERA-40, only the 1989–2001 period is considered. The observation-based accumulation estimates from
Vaughan et al. (1999) and Arthern et al. (2006) are also shown
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of observation-based datasets of precipitation, evaporation and total atmospheric water

vapor (described in Sect. 2.4). Caution is required when evaluating the reanalyses against

these datasets because both utilize either similar satellite observations or observations from

the same satellite sensors. The evaporation dataset even incorporates estimates of

reanalysis surface variables. With few in situ measurements to anchor satellite data, the

precipitation and evaporation datasets also face challenges similar to those faced by the

reanalyses in the data-sparse regions.

The limited use of satellite data in NCEP-2 and its ‘‘frozen’’ assimilation system after

1998 would make this dataset, in theory, suitable for assessing the impact of satellite

observations in the other reanalyses. Because of numerous issues in NCEP-2 (e.g.,

Bromwich et al. 2011, accepted) and the comparably good temporal consistency of ERA-

Int data, this latter reanalysis is used here to compare with the other datasets (see Sects. 4

and 5). However, one must bear in mind the potential deficiencies of ERA-Int.

2.4 Observation-Based Datasets

Monthly mean precipitation data are taken from the satellite-gauge merged precipitation

analyses from the Global Precipitation Climatology Project Version 2 (GPCP; Adler et al.

2003). This dataset provides globally gridded data at a 2.5� 9 2.5� resolution. South of

50�S, this product incorporates in situ precipitation measurements from a few Antarctic

stations but can otherwise be considered as exclusively satellite-based.

Monthly mean ocean surface evaporation estimates are obtained from the Objectively

Analyzed air-sea Fluxes (OAFlux; Yu and Weller 2007) at a 1� 9 1� resolution. This

dataset results from a combination of multiple satellite retrievals (e.g., wind speed and

near-surface specific humidity from QuikSCAT and SSM/I) and output data from the

NCEP-2 and ERA-40 reanalyses.

SSM/I retrievals of total atmospheric water vapor—or total precipitable water (TPW)—

are provided by Remote Sensing System (RSS) and available over ice-free ocean only at a

0.25� 9 0.25� resolution. Monthly mean time series were produced using observations

from six intercallibrated satellites (F08, F10, F11, F13, F14 and F15) of the Defense

Meteorological Satellite Program (DMSP). Average values were used when the satellites

overlap. F15/-SSM/I data were not used after July 2006 because of a discontinuity in the

time series (note from RSS1).1

3 Temporal Variability and Trends in Antarctic P–E

The time series and trends in Antarctic P–E, examined in this section, reflect not only

actual changes in the Antarctic climate but also the potential impact of changes in the

observing system. Disentangling the two contributions is the primary objective of this

study.

3.1 Changes in Total Antarctic P–E

Figure 2a shows the time series of annual P–E spatially averaged over the grounded

Antarctic Ice Sheet and presented as anomalies from their respective values in 1989.

The time series exhibit a large interannual variability, of the order of ±10% of the

1 Warning note on RSS website: http://www.remss.com/ssmi/ssmi_browse.html.
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21-year average. This variability is shared, to some extent, by all the reanalyses but they

provide quite different depictions of the changes in P–E.

An upward shift in P–E occurs in MERRA in the late 1990s, concurrent with the start of

the assimilation of radiances from the Advanced Microwave Sounding Unit (AMSU)

(Cullather and Bosilovich 2011, accepted). From the late 1990s onward, the absence of

apparent trend in P–E in CFSR and ERA-Int contrasts with the marked increase in P–E in

NCEP-2 and JRA-25. Yet, CFSR and ERA-Int exhibit quite dissimilar P–E anomalies

during *1994–2004. It is noteworthy that, in late 2006, ERA-Int and CFSR start assim-

ilating Global Positioning System radio-occultation (GPSRO) data from the Constellation

Observing System for Meteorology Ionosphere and Climate (COSMIC) mission (Poli et al.

2010; Saha et al. 2010). These observations can be used without bias correction and

provide temperature and moisture profiles over Antarctica. Such information is otherwise

only available from the limited number of Antarctic radiosondes (e.g., Andersson 2007).

Note, however, that the actual impact of the GPSRO data on Antarctic precipitation has not

yet been demonstrated.

(a)

(b)

Fig. 2 a Time series of annual P–E in mm year-1 spatially averaged over the grounded Antarctic Ice Sheet
from the six reanalyses. The series are presented as anomalies with respect to their respective value in 1989.
b Corresponding linear trends in annual P–E in mm year-1 decade-1 and their standard error for the
reanalyses except ERA-40 (because of time series ending in August 2002). The * symbol indicates datasets
for which the trends are statistically different from zero at the 99% confidence level. The trends are
otherwise not statistically significant. In a and b, the equivalent annual impact on global mean sea level is
shown on the right-hand vertical axis. For this purpose, the trends in P–E are integrated over a grounded ice-
sheet area of 12.35 9 106 km2. Similar to Lemke et al. (2007), we assume a global oceanic area of
3.62 9 108 km2 and a seawater density of 1028 kg m-3
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The linear trends of annual P–E from Fig. 2a during 1989–2009 are shown in Fig. 2b.

The statistical significance of the trends is estimated from the p-value of a two-tailed

Student’s t test applied to the standard error of the trends. The 1989–2009 P–E trends in

ERA-Int and CFSR are not significantly different from zero. In contrast, NCEP-2, JRA-25

and MERRA exhibit large positive trends, significant at the 99% confidence level. The

largest increase rate is found in MERRA, a result from the jump in P–E mentioned above.

For 1989–2009, the trends in Antarctic P–E from NCEP-2, JRA-25 and MERRA translate

into a negative contribution to global mean sea level ranging between 0.26 and 0.44 mm

year-1 decade-1. Although there is strong indication that these trends are overestimated,

they represent less than 2% of the global mean sea level rise measured from satellite

altimetry for 1993–2009 (Nicholls and Cazenave 2010). It is notable that, regardless of

their statistical significance, all trends in Antarctic P–E are positive.

3.2 Spatial Distribution of the P–E Trends

Figure 3 shows the spatial distribution of the P–E trends over Antarctica and the Southern

Ocean (up to *60�S) during 1989–2009 and provides a sense of the marked differences

between the reanalyses. Over the Antarctic continent, ERA-Int exhibits smaller and less

significant trends in P–E than the other reanalyses. NCEP-2, JRA-25 and MERRA show

(a) (b) (c)

(e)(d)

Fig. 3 1989–2009 linear trends in P–E from the global reanalyses in mm year-1 decade-1 over Antarctica
and the Southern Ocean (south of 60�S). Hatched (dotted) areas denote trends that are statistically different
from zero at the 90% (99%) confidence level
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large areas with highly significant upward trends in Dronning Maud Land, although with

rather dissimilar patterns. Some similarity is found in the five maps in the 70�–170�E sector,

with alternating positive and negative trend patterns along the coast. Such patterns are

suggestive of changes in the offshore atmospheric circulation and the associated moisture

advection towards/off the coast (see Sect. 5.2). The magnitude and spatial extent of the

patterns over Wilkes Land differ, however, greatly among the reanalyses. Notably, NCEP2

and JRA-25 exhibit trends in excess of 200 mm year-1 decade-1 over extensive areas in

central Wilkes Land, casting doubts on the realism of the two datasets. We note that the

pattern of large negative trends in P–E over Victoria Land—a common feature among the

five reanalyses—is consistent with the observed increase in sea-ice cover in the Ross Sea

(Stammerjohn et al. 2008; Turner et al. 2009), both resulting from enhanced off-continent

winds. Little similarly between the reanalyses is found over West Antarctica where the

trends in P–E are generally not statistically significant. Over the ocean, the contrasts among

the datasets are again rather disconcerting. The spurious origin of the trends in MERRA

becomes clearly apparent. These trends will be further discussed in Sect. 4.

4 Changes in P and E Over the Southern Ocean

In this section, we extend our analysis spatially to precipitation and evaporation changes

over the Southern Ocean. Inconsistencies in the time series related to the assimilation of

satellite observations are expected to be more apparent over the ocean than over Antarctica

due to the paramount role of satellite observations over ocean areas.

4.1 Variability and Trends in Precipitation

Figure 4a shows the monthly precipitation anomalies from the reanalyses and GPCP,

spatially averaged over the 50�–65�S latitude band. The anomalies are relative to the

1989–2009 period for the reanalyses, 1989–2008 for GPCP. The precipitation differences

with respect to ERA-Int are shown in Fig. 4b.

Compared to GPCP, ERA-Int produces excessively low precipitation estimates. There

remains, however, great uncertainty about the ‘‘true’’ value: over the same latitudes, the

Climate Prediction Center Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997)

produces 40% less precipitation than GPCP, which places CMAP estimates below all

reanalyses estimates (Yin et al. 2004; Bromwich et al. 2011, accepted). Artificial reduc-

tions in ERA-Int global precipitation have been associated with increases in the volume of

SSM/I rain-affected radiances assimilated in this reanalysis (Uppala et al. 2008, Dick Dee,

ECMWF, personal communication 2010). This does not seem to be an issue over the

Southern Ocean as the precipitation differences between GPCP and ERA-Int remain rel-

atively steady through 2004. The drop in GPCP precipitation after 2007 is not seen in any

reanalysis and, thus, assumed to be spurious. This assumption is supported by the fact that

post-2004 precipitation changes in GPCP account for the spatial discontinuities around

60�S seen in the 1989–2008 trend map (see Fig. 5f).

The drop in JRA-25 precipitation in mid-1987 coincides with the assimilation of SSM/I

precipitable water observations (Bosilovich et al. 2006; Onogi et al. 2007). Between 1998

and 2001, MERRA precipitation anomalies and precipitation differences from ERA-Int

follow a two-step upward shift. The first step is concurrent with the first use of AMSU

observations in late 1998. The second step, in early 2001, may be related to the intro-

duction of observations from a second AMSU unit (onboard NOAA-16). Except for a
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decrease in CFSR in the early 1990s, the precipitation differences from NCEP-2, JRA-25

and CFSR all exhibit upward trends during 1989–2009, suggesting that the precipitation

increase during the 2000 decade is probably not real. Saha et al. (2010, their Fig. 21)

showed that a jump in CFSR global ocean precipitation occurs in late 1998 (related to

AMSU), a reflection of which may be seen in Fig. 4b.

Figure 5 shows the 1989–2009 linear trends in annual precipitation south of 30�S.

MERRA stands out among the reanalyses with a pattern of large positive and highly

significant trends over the entire Southern Ocean poleward of 40�S, in direct relation to the

jump seen in Fig. 4. Large positive precipitation trends are also found in NCEP-2, mainly

in the Pacific sector of the Southern Ocean. The trends are generally small and insignificant

in ERA-Int and CFSR south of 60�S. These two datasets differ, however, markedly in

lower latitudes (e.g., South Atlantic), with a dominance of positive trends in CFSR and

negative trends in ERAInt. Over the South Indian Ocean and south of Australia/New

Zealand, the positive and significant trends in GPCP contrast with the insignificant or

negative trends in ERA-Int.

(a)

(b)

Fig. 4 a Monthly mean precipitation anomalies (thin lines) in mm day-1 spatially averaged between 50
and 65�S for the six global reanalyses and GPCP. The anomalies are relative to 1989–2009 for the
reanalyses except ERA-40 (1989–2001), and 1989–2008 for GPCP. The thick line represents the 13-month
running average. b Monthly mean precipitation differences from ERA-Int between 50 and 65�S smoothed
with 13-month running average
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4.2 Variability and Trends in Evaporation

Surface conditions (e.g., sea surface temperature (SST), sea-ice concentration, near-surface

wind) exert a major influence on evaporation fluxes over ocean, hence the merits of examining

the latter separately from the precipitation. These fluxes affect the atmospheric moisture content

that can be advected towards the Antarctic continent (e.g., Sodemann and Stohl 2009).

Figure 6a shows the monthly evaporation anomalies from the reanalyses and the OA-

Flux dataset spatially averaged over 50�–65�S. The differences with respect to ERA-Int are

shown in Fig. 6b. The reliability of OAFlux estimates is questionable because of the large

temporal variations of the OAFlux-ERA-Int differences, and the fact that these differences

do not show any consistency with any other curve in Fig. 6b. The drop in the evaporation

differences for MERRA and CFSR in late 1998 likely reveals AMSU-related problems in

these two datasets rather than in ERA-Int, which is confirmed by Fig. 7d and e.

The reduction in the magnitude of the differences between the reanalyses and ERA-Int in

the early 2000s, especially in NCEP-2, may be associated with the use (from 2002 onward)

of SST estimates based observations from the Advanced Microwave Scanning Radiometer-

EOS (AMSRE). The use of AMSR-E microwave observations has considerably increased

the spatial and temporal coverage of SST data over the Southern Ocean (Chelton and Wentz

2005). Prior to this, these estimates relied primarily on infrared measurements from the

Advanced Very High Resolution Radiometer (AVHRR), available only for cloud-free areas.

Overall, three remarks pertaining to Fig. 6b support the reliability of ERA-Int evapo-

ration estimates: (1) MERRA and CFSR show close agreement with ERA-Int until 1998;

(a)

(d)

(b) (c)

(e) (f)

Fig. 5 1989–2009 linear trends in annual precipitation in mm day-1 decade-1 poleward of 30�S from the
global reanalyses. For GPCP, the trends are calculated for 1989–2008. Hatched (dotted) areas denote trends
that are statistically different from zero at the 90% (99%) confidence level
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(2) the changes in surface evaporation fluxes in MERRA and CFSR after 1998 are pre-

sumably spurious; and (3) the differences between the four reanalyses and ERA-Int converge

towards zero. The more gradual convergence of JRA-25 may be attributable to the absence

of satellite observations in the SST dataset used by this reanalysis (Onogi et al. 2007).

The spatial distibution of the 1989–2009 trends in annual surface evaporation (Fig. 7)

reveals notable differences among the reanalyses over the Southern Ocean. In MERRA, the

pattern of highly significant negative trends covers an area very similar to the circumpolar

pattern of large positive precipitation trends in Fig. 5. In CFSR, the most prominent pattern

of negative trends in evaporation follows approximately the contours of the climatological

maximum sea-ice extent. The reduction in evaporation fluxes in MERRA and CFSR may

have acted to diminish the atmospheric moisture content, with a potentially negative

impact on Antarctic precipitation. In MERRA, however, this effect is clearly offset by the

enhanced precipitation.

5 Changes in Precipitable Water and Meridional Wind Over Antarctica
and the Southern Ocean

In our effort to separate between real and artificial changes, we examine two variables

more directly influenced by observations than precipitation and evaporation: total

(a)

(b)

Fig. 6 Same as Fig. 4 but for a the monthly mean evaporation anomalies in mm day-1 from the reanalyses
and OAFlux; and b the monthly mean evaporation differences with respect to ERA-Int
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precipitable water (TPW) and the meridional wind component (Kalnay et al. 1996). These

two variables are tightly related to precipitation changes as they determine either the

moisture advection or the moisture reservoir available for precipitation.

5.1 Total Precipitable Water

The time series of monthly TPW anomalies from the reanalyses and SSM/I between 50 and

60�S are presented in Fig. 8a, while the differences with respect to ERA-Int are displayed

in Fig. 8b. The TPW differences between SSM/I and ERA-Int remain close to 0.6 kg m-2

throughout the period, after a small increase around 1991. The fact that this increase is not

reflected in the NCEP-2-ERA-Int differences (NCEP-2 does not use any SSM/I observa-

tions) leads one to conclude that the problem may lie with the SSM/I product (late 1991

corresponds to the transition between the F08 and F11 DMSP satellites).

The largest change in the TPW differences with respect to ERA-Int are found in

MERRA and, to a lesser, CFSR, with a first upward shift in late 1998 and a second, smaller

one in 2001, both likely related to the use of AMSU data (see Sect. 4.1). Note that the

second jump occurs around the same time as, and must not be confused with, abnormally

high TPW values captured by all datasets, including SSM/I (Fig. 8a). The TPW differences

between NCEP-2, JRA-25 and ERA-Int remain relatively steady throughout the period,

especially from 1999 onward in JRA-25. Note that, in Fig. 8b, the TPW differences

between NCEP-2 and ERA-Int are shifted downward by 1.0 kg m-2 (*10% of the annual

mean), which, despite good temporal consistency, highlights the poor representation of

TPW in NCEP-2 already noted by Trenberth et al. (2005).

(a) (b) (c)

(e)(d)

Fig. 7 Same as Fig. 5 but for the trends in annual evaporation in mm day-1 decade-1
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Figure 9 shows the spatial distribution of the 1989–2008 linear trends in TPW over the

Southern Hemisphere. Some similarities with the precipitation trend map shown in Fig. 5

can be noted, such as the positive trend pattern over the West Pacific. Overall, NCEP-2,

JRA-25 and ERA-Int agree well with SSM/I. MERRA and CFSR provide a picture that is

markedly different from the other datasets, with widespread and highly significant positive

trends over most of the Southern Hemisphere. However, compared to MERRA, CFSR

exhibits smaller and less significant trends over the Southern Ocean, and larger and more

significant trends in lower latitudes.

5.2 Meridional Wind

Because of the large contrast in atmospheric moisture content between Antarctica and the

surrounding ocean (e.g., Tietäväinen and Vihma 2008), changes in the meridional wind

component can greatly affect the moisture transport towards the ice sheet and the asso-

ciated precipitation (e.g., Schlosser et al. 2010). Figure 10 shows the trends in V500 over

Antarctica during 1989–2009. The largest trends ([0 or \0) are found in NCEP-2 and

JRA-25 over Antarctica in the 90�–180�E quadrant. In particular, these two datasets exhibit

large downward trends (revealing enhanced poleward moisture advection) in the vicinity of

125�–130�E, where the largest increases in P–E have been observed in Fig. 3.

(a)

(b)

Fig. 8 Same as Fig. 4 but for a the monthly mean precipitable water anomalies in kg m-2 from the
reanalyses and SSM/I; and b the monthly mean precipitable water differences with respect to ERA-Int
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In NCEP-2, the large negative trends in V500 in central Wilkes Land result from a

strong equatorward wind anomaly from 1988–1991 turning into a gradually increasing

poleward flow from 1992 onward (Fig. 11a). The reasons for this anomaly are still unclear.

In JRA-25, the largest positive trends are found in the vicinity of the Russian Station,

Vostok. They largely result from abnormally large negative values in 1992 (Fig. 11b). The

radiosonde observation program at this station was terminated in early 1992. Aside from

Amundsen-Scott SouthPole Station, they constituted the only observations available on the

Plateau, until routine radiosoundings at Concordia-Dome C started in 2005. Further

analysis of the trends in the reanalysis pressure and geopotential height fields can be found

in Bromwich et al. (2011, accepted).

Overall, a clear correspondence can be established between the trends in V500 and the

trends in P–E from Fig. 3. In NCEP-2 and JRA-25, the changes in V500 act to greatly

enhance the poleward moisture advection and orographic precipitation over central Wilkes

Land, where the two datasets exhibit the largest trends in P–E. We infer that the P–E

changes in NCEP-2 and JRA-2 in this sector of Antarctica are likely spurious.

6 Conclusions

A tentative synthesis of our evaluation of the five reanalyses is given in Table 3. The

datasets are ranked according to (1) the temporal consistency of the P–E, P, E and TPW

series over Antarctica and/or the Southern Ocean; and (2) the realism of the spatial dis-

tribution of the 1989–2009 linear trends, as shown in Figs. 2, 3, 4, 5, 6, 7, 8, 9. As an

(a)

(d) (e)

(b) (c)

(f)

Fig. 9 Same as Fig. 5 but for the trends in mean annual precipitable water in kg m-2 decade-1 for the
global reanalyses and SSM/I. For SSM/I, only data over ocean are available. In this dataset, areas poleward
of 60�S are masked out because of the presence of seasonal sea ice
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example, for the changes in Southern Ocean precipitation, MERRA is assigned the lowest

rank (5), because of the magnitude of the late 1990s jump and the spatial extent of the

spurious trends; NCEP-2 is assigned the second-lowest rank (4), because of the upward

shift in the early 1990s (smaller than MERRA) and the spurious trend pattern in the South

Pacific; ERA-Int is assigned the highest rank (1), because of the good temporal consistency

with GPCP (at least prior to 2005). The actual degree of realism cannot always be dif-

ferentiated between two reanalyses, in which case the datasets are assigned equal rank. The

absence of observational records of the changes in Antarctic SMB during 1989–2009 and

the unreliability of the precipitation and evaporation observation-based datasets over the

Southern Ocean constitute important limitations to the objectivity of this assessment.

ERA-Int is found to provide the most realistic depiction of the interannual variability

and overall change in P, E and TPW over Antarctica and the Southern Ocean during

1989–2009. MERRA contains a major disruption of its hydrological cycle over the

Southern Ocean, manifested by a jump in precipitation in the late 1990s and related to the

assimilation of AMSU sounding radiances. While the artificial changes are seemingly less

important in CFSR in high southern latitudes, the hydrological cycle at lower latitudes in

this dataset also reveal discontinuities concurrent with the introduction of AMSU data (see

Saha et al. 2010). Most problematic in NCEP-2 and JRA-25 are unrealistically large

changes in P–E in coastal East Antarctica, caused by spuriously enhanced meridional wind

flow. While the two reanalyses are likely impacted by the end of radiosonde observations

at Vostok in the early 1990s, spurious trends are also seen occurring well into the 2000

(a) (b) (c)

(e)(d)

Fig. 10 1989–2009 linear trends in 500-hPa meridional wind in m s-1 decade-1 from the global
reanalyses. Points A to F correspond to local maxima/minima whose annual time series are displayed in
Fig. 11
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decade and are still not fully comprehended. In addition, JRA-25 suffers from a major

discontinuity in 1987 caused by the introduction of SSM/I observations.

Our first conclusion is that the presence of spurious changes is not a solved problem in

recent global reanalyses, in spite of the implementation of improved data assimilation

techniques. These artifacts still constitute major caveats to their application to trend analysis

and climate change assessment. Our investigation cannot ascertain whether the better per-

formance of ERA-Int must be attributed to the use of a 4D-Var assimilation system and/or to

deficiencies in the variational bias correction of satellite radiances in MERRA and CFSR.

Tracing the causes of inhomogeneities in reanalyses is, however, a challenging task, if

only because of the complexity of the assimilation process (e.g., Thorne and Vose 2010)

(a)

(b)

Fig. 11 Time series of the
mean annual meridional wind
component in m s-1 at 500 hPa
in a NCEP-2 and b JRA-25, over
points A to F shown in Fig. 10a
and b

Table 3 Ranking of the reanalyses according to the reliability of the temporal changes in their hydrological
cycle over Antarctica (Ant.) and the Southern Ocean (S.O.) during 1989–2009 (1 = highest reliability)

NCEP-2 JRA-25 ERA-Int MERRA CFSR

Trends in P–E (Ant.) 4 3 1 5 2

Trends in P (S.O.) 4 3 1 5 2

Trends in E (S.O.) 2 2 1 4 4

Trends in TPW (S.O.) 3 2 1 5 4

Average ranking 3.25 2.5 1 4.75 3

These rankings are based on the results from Figs. 2, 3, 4, 5, 6, 7, 8, 9

Surv Geophys (2011) 32:475–494 491

123



and the extreme variety of observations used for data assimilation. Furthermore, the

response of the assimilation system is not always instantaneous (e.g., Bromwich and Fogt

2004). Indeed, while the variational bias correction technique should ensure smooth

transitions between observations from successive satellites, it also carries along a potential

drift towards the model bias (Dee and Uppala 2009), which is poorly assessed in data-

sparse regions. Such potential drift remains an important unknown in ERA-Int.

Our second conclusion is that the higher reliability of the results from ERA-Int suggests

the absence of significant change in Antarctic P–E, as previously reported by Van de Berg

et al. (2005) and Monaghan et al. (2006a, b) for prior periods. Given the short time period

investigated here (dictated by the overlapping time span between the datasets), our study

does not claim to capture the long-term changes in Antarctic P–E and emphasizes the need

for longer time series.
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