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ABSTRACT

In this study, a set of five reanalysis datasets [ERA-Interim, NCEP–DOE AMIP-II reanalysis (R2),

MERRA, the Twentieth Century Reanalysis (20CR), and the CFS Reanalysis (CFSR)] is used to provide a

robust estimation of precipitation change in the middle-to-high latitudes of the Southern Hemisphere during

the last three decades. Based on several metrics accounting for the eddy activity and moisture availability, an

attempt is also made to identify the dynamical mechanisms triggering these changes during extended summer

and winter seasons. To that aim, a weighted reanalysis ensemble is built using the inverse of the variance as

weighting factors for each variable. Results showed that the weighted reanalysis ensemble reproduced the

observed precipitation changes at high and middle latitudes during the two seasons, as depicted by the GPCP

dataset. For the extended summer season, precipitation changes were dynamically consistent with changes in

the eddy activity, attributed mostly to ozone depletion. For the extended winter season, the eddy activity and

moisture availability both contributed to the precipitation changes, with the increased concentration of

greenhouse gases being the main driver of the climate change signal.

In addition, output from a five-member ensemble of the high-resolution GFDLCM2.5 for the period 1979–

2010 was used in order to explore the capability of the model in reproducing both the observed precipitation

change and the underlying dynamical mechanisms. The model was able to capture the rainfall change signal.

However, the increased availability of moisture from the lower levels controls the precipitation change during

both summer and winter.

1. Introduction

Evidence of climate change in the Southern Hemi-

sphere (SH) during the last 50 years has been discussed

in several studies. The climate change signal has been

identified from a variety of diagnostics, using near-surface

temperatures, near-surface and upper-level winds, sea

level pressure, storm tracks, and rainfall, among others

(Bender et al. 2012; Fu et al. 2006; Fyfe et al. 2012; Solman

and Orlanski 2014; Orlanski 2013; Gillett et al. 2013;

among others). At the hemispheric scale, it has been

recognized that climate change in the SH is associated

with a poleward extension of the Hadley cell, a poleward

shift of the westerlies and midlatitude storm tracks in-

ducing drying and wetting conditions over the subtropi-

cal and subpolar regions, respectively (Fyfe et al. 2012;

Gastineau et al. 2009). Recently, Solman and Orlanski

(2014, hereafter SO14), based on results derived using the

ERA-40 dataset, showed that precipitation changes from

1961 to 2000 over the subtropical and midlatitudes were

partially explained by changes in the frontal activity, in

response to the poleward shift of the storm tracks.

The increase of greenhouse gases (GHGs) and

stratospheric ozone depletion have been recognized as

the main drivers of the SH extratropical circulation

changes (Polvani et al. 2011; Arblaster and Meehl 2006;

Thompson and Solomon 2002; Arblaster et al. 2011).

Orlanski (2013, hereafter O13) used both ERA-40

and global model simulations to demonstrate that the
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positive trend in equatorial near-surface temperature

associated with increasing GHGs (Bengtsson and

Hodges 2011) and the negative trend in near-150-hPa

temperature at high latitudes of the SH associated with

stratospheric ozone depletion (Arblaster et al. 2011)

both contributed to recent circulation changes in the

SH. The stratospheric ozone depletion was the main

driver of the increase in the low-level westerlies at high

latitudes during summer, and both the increase of

GHGs and ozone depletion triggered changes in the

FIG. 1. Temporal evolution of the monthly mean 2-m temperature anomaly (K) for the

period 1979–2013 averaged (top) over the Southern Hemisphere, (middle) over the Northern

Hemisphere, and (bottom) globally for the five reanalysis datasets: ERA-I, MERRA,

NCEPR2, 20CR, and CFSR.Anomalies were calculatedwith respect to the 1979–2013monthly

climatological mean, and time series were smoothed using a 12-month running mean.
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asymmetric component of SH circulation in summer and

winter. Gillett et al. (2013) also found that changes in

GHGs, aerosols, and ozone have each made distinct

significant contributions to observed SLP trends over

the past 60 years over low latitudes as well as high

latitudes.

The strongest limitation when dealing with the iden-

tification and attribution of long-term trends in the SH

at the hemispheric scale is the lack of high-quality data.

Recall that the SH is characterized by large oceanic

areas, and surface-based observations are scarce, mainly

over the extratropical latitudes. Although several re-

analysis datasets are now available that span long pe-

riods (more than 50 yr), the quality of their products is

still under debate, particularly for characterizing long-

term trends in the SH, as discussed in Trenberth et al.

(2011). Moreover, only since the 1980s has the avail-

ability of satellite information allowed for improved

quality of the reanalysis products; however, large dis-

crepancies among different reanalysis datasets still exist

(Bosilovich et al. 2008; Chelliah et al. 2011; Lorenz and

Kunstmann 2012; Paek and Huang 2012). It is accepted

that changes over time in the observing system and in

the type of data assimilated may lead to spurious

changes in the reanalysis fields. For example, Fig. 1

displays the temporal evolution of the 2-m temperature

from 1979 to 2013 averaged over the SH, over the

Northern Hemisphere (NH), and globally, from several

reanalysis datasets. The figure shows that every re-

analysis display increasing temperatures for both SH

and NH, in agreement with observations, although the

consistency among reanalyses is better for the NH, in-

cluding the well-known pause in the NH warming since

the early 2000s (Trenberth and Fasullo 2013).Moreover,

the SH has a considerable larger variability and also

larger spread compared with the NH, together with a

very small temperature trend. It is also important to

keep in mind that observational products, such as pre-

cipitation estimates from merged satellite and rain

gauge analysis, may also display discrepancies in the

climate change signal. Accordingly, we need to recog-

nize that we need to be creative in order to build a robust

estimation of the climate change signal in the SH based

on the newer reanalysis products available. The mean

motivation of this study is to give an objective evaluation

of recent changes in the middle and high latitudes of the

SH using a set of reanalyses.

Since precipitation seems to be a poorly constrained

variable between different reanalysis datasets, and in

order to identify the physical mechanisms that may ex-

plain the precipitation change signal in the SH, we will

complement the analysis with several metrics that are

dynamically and thermodynamically connected with

precipitation in an attempt to reinforce the confidence

of precipitation changes. Actually, it is not clear if the

poleward shift of rainfall patterns in the SH is a result of

fronts shifting poleward; humidity increasing because of

the increase in sea surface temperatures associated with

increasing GHGs; or a combination of these two effects.

Accordingly, one topic of this study is to identify the

relevance of dynamical and thermodynamical forcings

that may explain rainfall changes.

In this study, we propose to make more consistent use

of the different reanalysis datasets by combining them

into an ensemble in order to determine in a more robust

way the climate change signal in the SH. We also com-

plement our presentation with results from a coupled

climate model in order to evaluate if the model is ca-

pable of reproducing both the climate change features in

the SH and the proposed underlying mechanisms that

may explain them.

The manuscript is organized as follows: Section 2 de-

scribes the datasets, metrics, and methodology. Section

3 describes the results from the ensemble of reanalyses

and from the climate model. A summary and conclu-

sions are presented in section 4.

2. Data and methodology

a. Metrics

At the extratropical latitudes of the SH, much of the

rainfall is associated with forced convection triggered by

frontal systems (Catto et al. 2012; SO14; among others).

Consequently, an appropriate measure of the eddy ac-

tivity may be used to quantify fronts and their relation

with rainfall. Using this metric, SO14 showed that more

than 50% of the precipitation change in the SH was a

result of a poleward shift of frontal activity. In the fol-

lowing, we apply several metrics to understand if rainfall

changes are associated with changes in the eddy activity

or changes in the moisture availability.

The VOR index was calculated as the monthly aver-

age of the daily cyclonic relative vorticity j at 850 hPa

computed at each grid point. As we are interested in

cyclonic systems, which are mostly associated with

frontal activity, the relative vorticity was set to zero for

anticyclonic cases:

VOR5
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, if j. 0

0, if j, 0

, (1)

where f is the Coriolis parameter and u and y are the

zonal and meridional winds, respectively. The VOR

index quantifies the cyclonic vorticity defined as positive

for both the SH and NH.
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Themoist frontal activity (VORSPHUM)was defined

as the monthly mean relative cyclonic vorticity (the in-

dex described above) multiplied by the monthly mean

specific humidity at 850 hPa:

VORSPHUM5 [VOR]3 SPHUM, (2)

where [ ] denotes themonthly mean operator and SPHUM

is the monthly mean specific humidity at 850hPa.

Finally, following Chang et al. (2013), the eddy ac-

tivity index (DV24h) was defined as the square of the

24-h difference of the meridional velocity as follows:

DV24h5 fy(t1 24 h)2 y(t)g2 . (3)

Note that DV24h represents synoptic-scale eddies, and

VOR quantifies cyclonic vorticity centers associated

with frontal activity; consequently, the former captures

larger-scale features compared with the latter.

These eddy activity metrics are highly correlated with

rainfall events from the subtropics to high latitudes of

the SH. SO14 showed the connection betweenVOR and

rainfall for selected events. In appendix A, some se-

lected individual events show the close connection be-

tween eddy activity metrics and rainfall (Fig. A1). Given

the evidence that rainfall is strongly associated with the

eddy activity and themoisture availability, any change in

the latter should explain changes in the former. This is

one of the hypotheses that are being explored in the next

section.

b. Data

Different datasets have been used in this study to

characterize changes in rainfall and eddy activity in the

SH. Monthly precipitation data come from the Global

Precipitation Climatology Project (GPCP), version 2

(Huffman et al. 2009), for the period 1979–2010, which

is used extensively for studying rainfall changes at

global coverage. GPCP data combine various satellite-

estimated rainfall products and rain gauge stations on a

2.58 3 2.58 global grid.We also use the Climate Prediction

Center (CPC) Merged Analysis of Precipitation (CMAP;

Xie and Arkin 1997), including the CMAP-enhanced

dataset, that incorporates blended NCEP–NCAR re-

analysis (R1) precipitation values. It is important to keep

in mind the caveats with CMAP precipitation over the

oceans, particularly for trends, as discussed in Trenberth

et al. (2007).

Five reanalysis datasets have been used in this

study, listed in Table 1, together with their horizontal

resolution. Both monthly and daily data from the

reanalysis datasets have been used for the 1979–

2010 period.

The ERA-Interim dataset (ERA-I) is a last-generation

product from the European Centre for Medium-Range

Weather Forecasts (ECMWF). The data assimilation

system is based on a four-dimensional variational data

assimilation (4D-Var) with a 12-h window and high hor-

izontal resolution.

The NCEP–DOE AMIP-II reanalysis (R2) dataset

(NCEPR2) is based on its predecessor R1, but with

some improvements, fixed errors, and updated param-

eterizations of the physical processes. Because of its low

resolution, limited assimilation of satellite radiances,

and no assimilation of rainfall data, it is considered a

first-generation reanalysis.

MERRA is the latest-generation reanalysis from the

NASA Goddard Institute for Space Studies, based on

the state-of-the-art GEOS version 5 (GEOS-5) data

assimilation system, which includes many observing

systems in a climate framework. A special focus is on

historical analyses of the hydrological cycle on a broad

range of time scales.

The Twentieth Century Reanalysis (20CR) is a

retrospective reanalysis for the entire twentieth cen-

tury based on specified SSTs and sea ice distribution

and assimilating only surface observations of synoptic

pressure.

The CFS Reanalysis (CFSR) dataset is a new re-

analysis of the atmosphere, ocean, sea ice, and land

based on a high-resolution coupled global model from

NCEP. Radiance measurements from historical satel-

lites are assimilated for the period 1979–present. CFSR

also uses time-varying CO2 concentrations.

We also use the output from the Geophysical Fluid

Dynamics Laboratory (GFDL) Climate Model, version

2.5 (CM2.5), which is a fully coupled global climate

model with a high horizontal resolution of about 50 km

for the atmosphere (Delworth et al. 2012). The GFDL

CM2.5 simulation includes five ensemble members

forced with observational estimates of GHGs, anthro-

pogenic aerosols, ozone, land use changes, solar irradi-

ance, and volcanic eruptions for 1861–2005 and follows

the IPCC representative concentration pathway 8.5

TABLE 1. Reanalysis datasets used. The horizontal resolution

indicated in the right column is for pressure levels variables. For

some reanalysis datasets, rainfall is available in a Gaussian grid of

roughly the resolution of the pressure level data.

Reanalysis

dataset Reference

Horizontal

resolution (lon3 lat)

ERA-I Dee et al. (2011) 0.758 3 0.758
NCEPR2 Kanamitsu et al. (2002) 1.8758 3 1.8758
MERRA Rienecker et al. (2011) 0.668 3 0.58
20CR Compo et al. (2011) 28 3 28
CFSR Saha et al. (2010) 0.58 3 0.58
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(RCP8.5) scenario from 2006 to 2100. Details of the

simulations can be found in Delworth and Zeng (2014).

In this study, we used monthly and daily outputs for the

period from 1979 to 2010. Note that RCP8.5 concen-

trations are very similar to other RCPs over the period

2006–10.

The analysis is focused on two extended seasons:

1) October–March (ONDJFM), referred to as the warm

season in the SH, and 2) April–September (AMJJAS), re-

ferred to as the cold season. The definition of the extended

seasons is not only based on thermal considerations, but also

takes intoaccount thecirculation regimeand theeddyactivity.

We start by examining the climate change signal

depicted by each individual reanalysis dataset and com-

pare it with the available observations. Figures 2b and 2d

show the zonally averaged difference in the mean pre-

cipitation between the periods 1994–2010 and 1979–95 for

extratropical latitudes of the SH during the two extended

seasons. Note that GPCP displays the well-known mid-

latitude drying and high-latitude wetting pattern mainly

during the warm season, in agreement with Fyfe et al.

(2012) and SO14. Although there is a consensus on the

overall precipitation change signal, mainly during the

warm season, the discrepancies between different re-

analyses and also between different satellite-based datasets

are large. Because of the caveats on the CMAP pre-

cipitation products, we will use the GPCP dataset as

reference (Trenberth et al. 2007). Note also that the re-

analyses display large discrepancies between each other,

including the sign of the precipitation difference. It is clear

from Fig. 2 that an individual reanalysis should be used

with caution when trying to identify consistent long-term

trends of rainfall in the SH. To highlight the discrepancies

between datasets, a Taylor diagram for precipitation over

the latitudinal band from 408 to 158S was computed based

on the temporal behavior of the time series for the period

from 1979 to 2010 (not shown) to identify the consistency

in terms of the temporal correlation and variability with

respect to the reference dataset (GPCP). It was found

that, although CMAP and CMAP-enhanced datasets

have a similar variability compared to the reference

dataset, the correlation coefficients were close to 0.8.

For the reanalysis datasets, the correlation coefficients

lay between 0.4 and 0.6, and the variability was found

to be 0.4–1.2 times the variability of the reference

dataset (GPCP).

FIG. 2. Differences of the GPCP mean precipitation (mmday21) between the periods 1995–2010 and 1979–94 for the extended SH

(a) summer and (c) winter seasons. Hatched areas indicate where the differences are statistically significant at the 95% level. (b),(d)

Zonally averaged difference of precipitation (mmday21) as depicted by gridded precipitation datasets (GPCP, CMAP, and CMAP

enhanced), reanalyses (ERA-I, NCEPR2, CFSR, 20CR, and MERRA), and the GFDL CM2.5 ensemble.
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c. The ensemble of reanalyses

A simple variance-weighted average is used to

build an ensemble of reanalyses, here called the

reanalysis-weighted ensemble (REwens). For the

weighted mean of a set of datasets for which each

element Xi comes from a probability distribution

with a given variance s2
i , one possible choice for the

weights comes from

X5
�
N

i51

w
i
X

i

�
N

i51

w
i

, (4)

whereN is the number of datasets or reanalyses (N5 5)

and wi 5s22
i is the weight of each individual reanalysis

dataset for any given variable.

The variance of the ensemble mean is then

s2
X
5

1

�
N

i51

w
i

. (5)

Note that we are not assuming that the different re-

analysis datasets are uncorrelated but that their differ-

ences probably are.

The reanalysis datasets used to compute REwens are

listed in Table 1. Since the variance for each reanalysis

depends on the variable to be considered, the weights to

compute the ensemble will depend on the variable.

More details on the rationale of using the weighted en-

semble can be found in appendix B. The REwens was

computed for the metrics described above: VOR,

VORSPHUM, DV24h, and precipitation.

The ideal approach to create an ensemble of re-

analysis datasets is to compare each reanalysis with

observations and put more weight to those reanalyses

that have similar variance compared with the observa-

tions. However, this is difficult to do in the SH because

of the lack of observed data and because most of the

metrics used in this study are not directly observed.

Therefore, a compromise to the approach is to use a

weight proportional to the inverse of the variance for

each metric, assuming that the climatology of a metric

will be better represented by a reanalysis with less var-

iance. Since the variance-weighted average gives the

best expected values of the climatological mean, it is

expected that it also gives the best value for the mean

differences. Finally, a weighted ensemble was also

computed from the individual members of the GFDL

CM2.5 simulations, based on the same considerations as

for the REwens.

Note, however, that theREwens attempts tominimize

the noise introduced by the diversity of assimilation

methods and data in the reanalyses, but trying to high-

light the real behavior of the atmosphere in terms of a

climate change signal and natural variability. Con-

versely, the weighted ensemble based on multimember

model simulations attempts to reduce the natural vari-

ability and highlight the forcing signal. Accordingly,

even though the two ensembles are built following the

same methodology, their results should be interpreted

differently.

Although the 20CR may have some limitations, be-

cause it is based on assimilating surface observations

only, the variables used in this study are evaluated at

surface (precipitation) and at 850 hPa, which is very

much influenced by near-surface circulation patterns.

Moreover, inspection of the differences between the two

periods considered (1979–94 and 1995–2010) in the set

of variables analyzed for each individual reanalysis

dataset shows an overall agreement, although changes

depicted by 20CR are larger in magnitude compared

with other reanalyses.

3. Results

a. The climate change signal in the SH as depicted by
the REwens

Several studies devoted to characterizing the climate

change signal in the SH have identified the poleward

shift of the precipitation belt (usually referred to as the

high-latitudemoistening and subtropical drying pattern)

as one of the most consistent features associated with

the poleward shift in the westerlies and the poleward shift

of the eddy activity (Fyfe et al. 2012; SO14; among others).

Figures 2a and 2c display the difference between the

mean precipitation for the period 1995–2010 and the

period 1979–94, as depicted by the GPCP dataset, for

both warm and cold seasons, respectively. Note that for

the two seasons, rainfall increases poleward of about

458S over the oceans and decreases from about 258 to
458S. Rainfall increase over the high latitudes spreads

over the southern Pacific Ocean and partially over the

southern Atlantic and Indian Oceans, depending on the

season. Note that the rainfall change pattern is more

zonally symmetric during the warm season. The zonal-

mean changes depicted in Fig. 2b,d capture this behavior.

As mentioned before, precipitation may change as a

result of both dynamical and/or thermodynamical fac-

tors. Hence, the change in rainfall and several metrics

representing both the dynamical and thermodynamical

forcings as depicted by the REwens are displayed in

Figs. 3 and 4 for the warm and cold seasons, respectively.
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Note that hatched areas in these figures indicate where

at least four out of five reanalyses agree on positive

differences. Two questions can be addressed: 1) To what

extent is the REwens able to reproduce the observed

precipitation changes? 2) What are the mechanisms that

may explain them?

For the warm season (Fig. 3) the REwens shows a

rainfall change pattern in agreement with GPCP ob-

servations (Fig. 2a). The pattern correlation coefficient

between rainfall change from GPCP and REwens is

0.62, statistically significant at the 95% level. Note also

that there is a general agreement between reanalyses

on the sign of the precipitation change. Moreover, the

rainfall increase over the high latitudes agrees with areas

with increased eddy activity as characterized by both

DV24h and VOR. Moreover, there is a consensus

among different reanalyses on this behavior, although

some reanalyses depict some inconsistencies between

rainfall changes and eddy activity changes, as indicated

by the lack of hatched areas. Recall that DV24h repre-

sents synoptic-scale eddies, and VOR captures cyclonic

vorticity centers associated with frontal activity; hence,

changes in DV24h are expected to be more spatially

consistent than changes in VOR. Note also large areas

over the southern Indian Ocean where VORSPHUM

decreases and rainfall increases, suggesting that the

FIG. 3. Differences between 1995–2010 and 1979–94 during the extended summer season

(ONDJFM) for (a) DV24h (m2 s22); (b) VOR (1026 s21); (c) VORSPHUM (1029 s21); and

(d) precipitation (mmday21) from the REwens. Hatched areas indicate where 4 out of 5 re-

analyses depict positive differences.
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rainfall increase is primarily associated with the increase

in eddy activity and not with changes in humidity. In-

spection of the role of changes in the specific humidity

and VOR on changes in VORSPHUM reveals that the

specific humidity decreases at high latitudes (from 508 to
708S), and changes in VORSPHUM are dominated by

changes in VOR. The rainfall decrease over the sub-

tropics also agrees with areas where both DV24h and

VOR are reduced. These changes in the eddy activity

are closely related to changes in the tropospheric cir-

culation, as discussed in SO14, and are consistent with

the poleward shift of the storm tracks.

For the cold season (Fig. 4) the pattern of rainfall

change for the REwens also agrees with the GPCP

data displayed in Fig. 2 (with a pattern correlation

coefficient of 0.46, statistically significant at the 95%

level): the rainfall increase over the high latitudes is

still apparent, but there are larger zonal asymmetries

compared with the warm season. Over the mid-

latitudes, the REwens depicts drying regions over the

central Pacific and the Indian Oceans and over

southern South America and southeastern Australia,

in agreement with both GPCP data and with results

from regional studies (for Australia, Delworth and

Zeng 2014; Cai et al. 2012). Note that there is a strong

agreement between regions where rainfall increases

(decreases) and the eddy activity and moisture avail-

ability increase (decrease). Changes in VOR and

VORSPHUM agree with the spatial pattern of the

precipitation change, suggesting that both the eddy

activity and the availability of moisture contribute to

the rainfall changes. The specific humidity increases

FIG. 4. As in Fig. 3, but for the extended winter season (AMJJAS).
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over much of the domain (not shown); however, as for

the warm season, the changes in VORSPHUM are

dominated by changes in VOR and, consequently, the

increase in VORSPHUM is reinforced by the contribu-

tion of the specific humidity. Note also that there is a

general agreement between reanalyses on this behavior,

suggesting that the climate change signal is robust and

physically consistent.

From Figs. 3 and 4 it is evident that some reanalysis

datasets depict some discrepancies for the different

metrics compared with the results described by the

REwens and also some inconsistencies between the

rainfall and the eddy activity changes. Theses inconsis-

tencies suggest that an individual reanalysis provides a

different picture of the changes both in rainfall and eddy

activity in the SH, making it difficult to decide which

reanalysis may be reliable for both characterizing the

climate change signal in the SH and understanding the

associated physical mechanisms.

The zonal-mean change of the set of metrics discussed

above is shown in Fig. 5 for both the warm and cold

seasons. Note the agreement between the zonal-mean

FIG. 5. Zonally averaged differences for summer (red) and winter (black) from REwens (solid lines) for (a) DV24h (m2 s22); (b) VOR

(s21); (c) VORSPHUM (s21); and (d) precipitation (mmday21). Dashed lines in (d) for GPCP data.

1 MARCH 2016 SOLMAN AND ORLANSK I 1681

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 05/25/21 08:21 PM UTC



change in rainfall as depicted by theREwens andGPCP,

particularly for summer. For the warm season, when the

changes are more zonally symmetric, rainfall increase

over the high latitudes is consistent with the increase of

the eddy activity, as measured by DV24h and VOR.

VORSPHUM shows no change at the high latitudes,

suggesting that moisture content does not contribute to

the rainfall change. For the cold season, Fig. 5 suggests

that the rainfall increase at the high latitudes is not only

associated with the increase of the eddy activity but also

with the increase of the specific humidity at the low

levels of the troposphere, probably associated with in-

creased latent heat flux over the southern oceans, as

identified by Yu et al. (2012).

To reinforce the relationship between eddy activity

and rainfall, the temporal evolution of anomalies aver-

aged over the midlatitudes of the Southern Hemisphere

(from 608 to 308S) during the two seasons was calculated

for precipitation, DV24h, VOR, andVORSPHUM.The

correlation coefficients between the time series of each

metric of eddy activity and precipitation were found to

be 0.54, 0.59, and 0.68 for ONDJFM, respectively, and

0.42, 0.56, and 0.61 for AMJJAS, respectively. All cor-

relation coefficients are statistically significant at the

95% level. Similar results were found in SO14, who

quantified the relationship between the interannual

variability of the frontal activity, derived from the ERA-

40 dataset, and precipitation over middle and high lati-

tudes of the SH.

It was also found that the REwens reproduces the

high-latitude upper-level cooling and the poleward shift

of the zonal-mean circulation (Chen and Held 2007)

during the warm season primarily associated with the

role of ozone depletion (O13; Delworth and Zeng 2014;

Polvani et al. 2011; among others). Conversely, during

the cold season, the subtropical westerly jet is shifted

slightly poleward, and the subpolar westerly jet is shifted

equatorward, in agreement with Archer and Caldeira

(2008). This behavior is strongly associated with the

lower-tropospheric warming related to the increasing

concentration of GHGs that is in agreement with O13

(not shown).

b. Changes as depicted by the GFDL CM2.5

Based on the previous discussion, it is worth exploring

to what extent the GFDL CM2.5 simulation is able to

reproduce both the observed precipitation changes and

underlying mechanisms. The zonal-mean precipitation

change, as depicted by the model-weighted ensemble

displayed in Fig. 2, suggests a good agreement compared

with the observations. The model captures the increase

of rainfall over the high latitudes even more closely than

any individual reanalysis during both the warm and cold

seasons, although the rainfall reduction at midlatitudes

is not clear.

Changes in DV24h, VOR, VORSPHUM, and pre-

cipitation from the CM2.5-weighted ensemble for the

extended SH summer and winter seasons are shown in

Figs. 6 and 7, respectively. During the extended summer

season (Fig. 6), the CM2.5 ensemble broadly reproduces

the pattern of precipitation change depicted by both

REwens and GPCP, with rainfall increase at the high

latitudes of the SH and a weak rainfall decrease at

middle-to-subtropical latitudes. However, the simulated

changes are weaker comparedwith the changes depicted

by the REwens. Note also that the model does not re-

produce the characteristic zonal symmetry of the pre-

cipitation change depicted in the REwens. Changes in

DV24h are consistent with changes in precipitation;

however, changes in VOR are very subtle almost ev-

erywhere. Moreover, changes in VORSPHUM are also

consistent with changes in rainfall, suggesting that the

moisture increase, probably associated with warmer sea

surface temperatures [as discussed in Delworth et al.

(2012)], contributes to the precipitation increase at high

latitudes. Inspection of changes in the specific humidity

(not shown) reveals an overall increase, which may

contribute to the changes in VORSPHUM. This be-

havior disagrees with what was found for the REwens, in

that the high-latitude moistening was associated with

increased eddy activity due to the poleward shift of the

storm track and not with moisture increase.

For the extended winter months (Fig. 7), the model

depicts increased rainfall at high latitudes and a weak

decline at the subtropics. The most remarkable feature

is that rainfall changes are not systematically related

with changes in either DV24h or VOR. In particular, the

changes in VOR are negative almost everywhere.

However, rainfall changes are consistent with changes in

VORSPHUM, suggesting that during the winter season

the high-latitude rainfall increase is largely associated

with the increase of moisture. Consequently, although

themodel seems to reproduce the precipitation changes,

the underlyingmechanisms explaining these changes are

not the same as for the reanalysis datasets, particularly

during the warm season.

4. Summary and conclusions

This study focused on revisiting the features of the

recent climate change in the Southern Hemisphere

as depicted by a set of reanalyses, with the aim of

characterizing a robust precipitation change signal and

exploring the underlying physical mechanisms trigger-

ing these changes for extended summer and winter

seasons. To that end, several metrics quantifying the
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eddy activity linked with rainfall were defined. Given

the uncertainty in the reanalysis products, particularly

for the Southern Hemisphere, a weighted reanalysis

ensemble is proposed with the aim of building a robust

estimation of the climate change signal based on the

most up-to-date reanalyses available. The analysis is

mainly focused on middle-to-high latitudes of the

Southern Hemisphere, where precipitation is mostly

associated with the passage of frontal systems (SO14;

Catto et al. 2012). Eddy activity was quantified by dif-

ferent metrics accounting for the cyclonic vorticity, the

squared daily tendency of the meridional component of

the wind, and the cyclonic vorticity times the specific

humidity at 850 hPa. These metrics allowed us to

identify whether the change in rainfall could be associ-

ated with the change in moisture and/or the change in

eddy activity.

A set of five reanalysis datasets for the period 1979–2010

was used: ERA-Interim, MERRA, CFSR, NCEPR2,

and 20CR. Even though these datasets are postsatellite

era, large differences between individual reanalysis

datasets were found when looking at the long-term evo-

lution in several variables. It is well known that the re-

analyses are strongly affected by the assimilation system,

including the type and quantity of data assimilated.

Hence, and in order to account for the uncertainty in the

reanalysis products, the reanalyses were combined to

build a weighted ensemble in which the weights are

FIG. 6. As in Fig. 3, but for theGFDLCM2.5 ensemble. Hatched areas indicate where 4 out of 5

ensemble members depict positive differences.
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proportional to the inverse of the variance for each in-

dividual variable of each dataset. The proposed weighted

reanalysis ensemble is expected to givemore relevance to

those reanalyses with less variance or less uncertainty.

Based on the reanalysis-weighted ensemble, it was

found that the climate change signal in the SH for

summer months is characterized by the well-known

poleward shift of the rainfall belt (increased rainfall

over the high latitudes and reduced rainfall over the

midlatitudes), in agreement with the observations. The

wetting conditions at high latitudes and drying condi-

tions at midlatitudes were found to be quasi-zonally

symmetric and related with the changes in the eddy ac-

tivity, which are in turn associated with the poleward

shift of the westerlies. This change may be attributed

mostly to ozone depletion during the period analyzed.

For the winter season, wetting and drying conditions

at high and middle latitudes, respectively, are also ap-

parent, but there are large zonal asymmetries in the

rainfall change pattern. Moreover, changes in eddy ac-

tivity and moisture at the lower troposphere contribute

to rainfall changes. The poleward shift of the subtropical

westerlies is weaker than in summer, and the largest

control of this change is related to the increase in the

concentration of GHGs. The increase of latent heat flux

over the southern oceans during the most recent period

(Yu et al. 2012) may lead to increased specific humidity,

which favors increased rainfall at the high latitudes.

FIG. 7. As in Fig. 6, but for the extended winter season (AMJJAS).
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Overall, the diagnosis built from the reanalysis-

weighted ensemble allowed us to elaborate a dynami-

cally consistent picture of the recent changes in the

middle and high latitudes of the SH, in particular, rein-

forcing the robustness of precipitation changes associ-

ated with changes in the eddy activity and moisture

availability and also identifying the drivers of the

circulation change. The proposed combination of rean-

alyses to characterize the climate change signal in the

SH is valuable in order to set a reference behavior to

validate climate model simulations.

Accordingly, we have made this attempt in order to

validate the behavior of GFDL CM2.5 in reproducing

the climate change signal in the SH and the underlying

mechanisms explaining its behavior. It was found that

the pattern of precipitation change from the GFDL

CM2.5 simulation generally agrees with the changes

depicted by the reanalysis-weighted ensemble; how-

ever, the increase of moisture at the lower levels is the

main driver of the rainfall increase at the high latitudes

during both summer and cold seasons. Accordingly,

although the model simulates a rainfall change con-

sistent with what the observations show, the underlying

mechanisms are not consistent with the picture that

emerged using the reanalysis-weighted ensemble.

One last consideration on the methodology used to

build the ensemble proposed in this study is that, although

it has been shown that it allowed building a robust climate

change signal, the choice of the weights, proportional to

the inverse of the variance, is certainly not the only option.

It has the advantage of reducing the uncertainty in the

climatological mean values; however, it is also recognized

that a reanalysis with low variance should not be consid-

ered per se more reliable than a reanalysis with large

variance. The best option should come from comparing

the variance of the reanalysis against the variance of the

observations; however, because of the lack of global ob-

servations, this is not possible. Hence, the choice of the

weights proposed is one possible option, but there may be

other options as well. For instance, inMitchell et al. (2015)

various reanalysis datasetswere intercompared to evaluate

the signature of several natural forcings, and an ensemble

of reanalyses was built without weights.

Finally, the methodology proposed in this study may

also be valuable to produce a weighted ensemble of

climate model simulations to evaluate both the capa-

bility of the models in simulating observed trends, as has

been done in this study using a weighted ensemble for a

single model, and the future climate change signal in

response to anthropogenic forcings.
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APPENDIX A

On the Connection between Dynamic and
Thermodynamic Metrics and Rainfall

It has been stated in previous sections that severalmetrics

accounting for the eddy activity together with the moisture

availability (referred to as VOR and VORSPHUM) were

used because they are dynamically and thermodynami-

cally associated with precipitation at the extratropical

latitudes of the SH.Moreover, it has already been shown

(SO14; Catto et al. 2012) that much of the 90% of the

annual precipitation over the storm tracks in the SH is

associated with frontal systems. Frontal systems at ex-

tratropical latitudes are usually associated with a cyclonic

vorticity center, and hence the VOR metric represents

the dynamical triggering mechanisms of rainfall events.

However, the moisture availability at the lower levels

of the troposphere may also impact rainfall so that

VORSPHUM, calculated as the monthly mean cy-

clonic vorticity times the monthly mean specific hu-

midity at 850 hPa, represents the thermodynamical

mechanism related to precipitation events.

In Fig. A1 the connection between rainfall and the

metrics referred to above are shown for two individual

months corresponding to August 1987 and March 2007,

respectively. For the two selected periods, the close con-

nection between monthly rainfall and VORSPHUM at

the extratropical latitudes of the SH is apparent even for

two months belonging to either cold or warm seasons.

Figure A1 also suggests that larger rainfall amounts occur

over areas where VOR and VORSPHUM are larger,

particularly between 508 and 258S.

APPENDIX B

On the Weights of the REwens

The normalizedweights to build theREwens, computed

as the percent contribution of each reanalysis to the

weighted ensemble for each variable, are shown in Fig. B1.

In the ideal case in which all reanalyses have the same

variance for a given variable, the weights for all reanalyses

should be similar, and the contribution of each reanalysis

(out of five) to the variance of the ensemble should be

close to 20%. If this happens, then one could suggest that

the uncertainty is low and the weighted ensemble is

close to the unweighted ensemble, as used in Mitchell

et al. (2015).

Note that, for those variables representing the synoptic-

scale processes, such as DV24h, a variable expected to be

well resolved by any reanalysis regardless of the horizontal

resolution, the contribution of each reanalysis to the total

variance is close to 20%. However, precipitation or VOR,

which are more resolution-dependent variables, are ex-

pected to have less variance for those reanalyses with

lower resolution and, consequently, higher weights.

As can be seen in Fig. B1, in general, the weights

for each variable for all reanalyses are similar, except for

precipitation and VOR. The large weight of ERA-I for

precipitation is because it has much lower variance com-

pared with the other datasets. For VOR, NCEPR2 has the

lowest resolution, it accounts for the lowest variance and,

hence, the largestweight. ForDV24h, theweights between

the set of reanalyses are close to each other, and each re-

analysis contributes (approximately) 20% to the ensemble

variance. For comparison purposes, the weights for all

the metrics have also been computed for the Northern

Hemisphere, and it was found that every reanalysis con-

tributes similarly to the variance of the ensemble for all the

variables evaluated here (not shown).

The REwens is expected to represent better the mean

value and even a climate signal of any variable com-

pared with a simple ensemble because it prevents pos-

sible spurious variability that may arise because of

changes in the amount or type of data assimilated in an

individual reanalysis, giving less weight to those rean-

alyses with higher variability.

FIG. B1. Percentage of an individual reanalysis’ contribution to the

ensemble for each metric.
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