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Abstract

Studies on numerical modeling in Amazonia show that the models fail to capture im-
portant aspects of climate variability in this region and it is important to understand
the reasons that cause this drawback. Here, we study how the general circulation
models of the Coupled Model Intercomparison Project Phase 5 (CMIP5) simulate the5

inter-relations between regional precipitation, moisture convergence and Sea Surface
Temperature (SST) in the adjacent oceans, to assess how flaws in the representation
of these processes can translate into biases in simulated rainfall in Amazonia. Using
observational data (GPCP, CMAP, ERSST.v3, ERAI and evapotranspiration) and 21
numerical simulations from CMIP5 during the present climate (1979–2005) in June,10

July and August (JJA) and December, January and February (DJF), respectively, to
represent dry and wet season characteristics, we evaluate how the models simulate
precipitation, moisture transport and convergence, and pressure velocity (omega) in
different regions of Amazonia. Thus, it is possible to identify areas of Amazonia that
are more or less influenced by adjacent ocean SSTs. Our results showed that most15

of the CMIP5 models have poor skill in adequately representing the observed data.
The regional analysis of the variables used showed that the underestimation in the
dry season (JJA) was twice in relation to rainy season as quantified by the Standard
Error of the Mean (SEM). It was found that Atlantic and Pacific SSTs modulate the
northern sector of Amazonia during JJA, while in DJF Pacific SST only influences the20

eastern sector of the region. The analysis of moisture transport in JJA showed that
moisture preferentially enters Amazonia via its eastern edge. In DJF this occurs both
via its northern and eastern edge. The moisture balance is always positive, which in-
dicates that Amazonia is a source of moisture to the atmosphere. Additionally, our
results showed that during DJF the simulations in northeast sector of Amazonia have25

a strong bias in precipitation and an underestimation of moisture convergence due to
the higher influence of biases in the Pacific SST. During JJA, a strong precipitation bias
was observed in the southwest sector associated, also with a negative bias of mois-

672



D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

ture convergence, but with weaker influence of SSTs of adjacent oceans. The poor
representation of precipitation-producing systems in Amazonia by the models and the
difficulty of adequately representing the variability of SSTs in the Pacific and Atlantic
oceans may be responsible for these underestimates in Amazonia.

1 Introduction5

The Amazon river basin is the largest in the world accounting for 20 % of the fresh water
on the planet while the rainforest is responsible for approximately 10 % of land produc-
tivity and biomass (Joetzjer et al., 2013). It is also one of the regions with strongest
convective activity on the globe, playing an important role in the general atmospheric
circulation (Andreoli et al., 2012). In fact, the region plays a key role in global climate10

by regulating the water and carbon cycles (Foley, 2002; Yoon and Zeng, 2010).
The Amazon region exhibits a well-marked annual variability of rainfall characterized

by summers with abundant rainfall in the whole region and winters with precipitation
localized in north and west (Ronchail et al., 2002). This is because the precipitation
is modulated by the meridional displacement of the Intertropical Convergence Zone15

(ITCZ) following the dynamics of the tropical atmospheric circulation (Cook et al., 2012)
and the inter-hemispheric Sea Surface Temperature (SST) gradient in the tropical At-
lantic (Kousky et al., 1984; Aceituno, 1988; Marengo et al., 2011, 2012) and also the
SST in the tropical Pacific.

Changes in the meridional gradient of SST in the tropical Atlantic may influence pre-20

cipitation in the Amazon dry season by changing the pattern of moisture convergence
and vertical motion (Good et al., 2008). The seasonality of precipitation is dominated
by north–south migration of the precipitation band influenced by trade winds (Xie and
Carton, 2004), and the SST can influence this seasonality through its temporal fluctu-
ations.25

Strong upward movement over South America is considered important part of the
circulation of the Walker cell (Kousky, 1984). It is known that anomalous subsidence
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(uplift) on the Central Pacific induced by cooling (heating) over the central equatorial
Pacific can change the east–west circulation associated with the Walker cell resulting in
an increase (decrease) in precipitation over tropical South America. Numerical studies
(Harris et al., 2008) during the boreal summer coinciding with the dry season in the
Amazon showed that heating (cooling) in the Tropical North Atlantic (South) can cause5

drought events over the Amazon. Projections of available earth system models feature
a wide spread in rainfall over the Amazon, suggesting that some aspect associated
with the dynamics of rainfall in the region are not well represented by these models
(Yin et al., 2013). The rainfall in this region is an important component because it
directly influences the hydrological cycle and carbon balance, therefore, it is important10

to understand what dynamics or other factors that cause the high variability between
models.

This study aims to assess the causes of the CMIP5 models failures to represent the
Amazon rainfall (Joetzer et al., 2013; Yin et al., 2013), and their relation to sea surface
temperature patterns in the adjacent oceans and regional moisture transport.15

2 Data and methodology

2.1 Observed datasets

The observed data are from the Global Precipitation Climatology Project (GPCP, Huff-
man et al., 1997) and the CPC Merged Analysis of Precipitation (CMAP) for the pre-
cipitation (PREC) for the period 1979–2005.20

The GPCP is a product of global precipitation from the World Climate Research Pro-
gramme (WRCP) available from 1979, with spatial resolution of 2.5◦ ×2.5◦ (lat× lon)
and monthly temporal resolution, with the objective of improving understanding of its
spatial and temporal pattern around the globe. The CMAP is also a monthly precip-
itation analysis product available from 1979 in the resolution of 2.5◦ ×2.5◦ (lat× lon)25

formed by combining data from various ground stations combined with satellite esti-

674



D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

mates of precipitation, as well as algorithms (Xie and Arkin, 1997). These two data
sets were selected because they represent satisfactorily the distribution of rainfall in
Amazonia as shown by Pinto et al. (2009).

We also use the Extended Reconstructed Sea Surface Temperature version 3
dataset (ERSST.v3, Smith et al., 2008) consisting of monthly data from buoys and5

ships around the globe. These data are available from 1854 on resolution of 2.0◦×2.0◦

(lat× lon) and we rescaled the SST to the 2.5◦ ×2.5◦ (lat× lon).
Monthly variables of zonal (v) and meridional (u) wind, specific humidity (q) and

surface pressure (psfc) were obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Interim Reanalysis (ERAI; Dee et al., 2011). These vari-10

ables are used to calculate the vertically integrated moisture flux on each edge of
the domain of Fig. 1 (box 1, 2, 3 and 4 and gray box) and have a spatial resolution of
1.5◦×1.5◦ (lat× lon). ERAI has been demonstrated to be able to capture the ITCZ com-
pared with observations, and is the best among three state-of-art reanalysis products
for the Amazonian (Lorenz and Kunstmann, 2012). For this work, the ECMWF data15

were also interpolated to 2.5◦ ×2.5◦ (lat× lon) resolution.
Finally, monthly evapotranspiration (evap, Mueller et al., 2013) data were obtained

from an ensemble of various estimates, such as surface measurements, satellite and
surface models comprising the period of 1989–2005.

2.2 Model outputs20

We use numerical simulations of the suite of General Circulation Models of the Atmo-
sphere Coupled Model Intercomparison Project Phase 5 (CMIP5, Taylor et al., 2012).
Information about the models and their characteristics is presented in Table 1. The
period used for the analysis is the historical period for the years 1979–2005, which
represents the present climate and is a period where observational records are more25

reliable and available. The selected variables are the same as the observed data listed
in the previous section, that is, SST, PREC, u, v , q, psfc and evap. Since the models
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do not exhibit the same spatial resolution of the observed data, each model output was
interpolated to 2.5◦ ×2.5◦ (lat× lon) resolution.

2.3 Study area

The analysis uses four boxes over the Amazon (Fig. 1) with the following dimensions:
Box1 (7.5◦ S–0◦ and 75–60◦ W), Box2 (15.0–7.5◦ S and 75–60◦ W), Box3 (10.0–2.5◦ S5

and 60–45◦ W) and Box4 (2.5◦ S–5.0◦ N and 60–45◦ W). The four boxes are selected
in this configuration because the Amazon rainfall distribution is very irregular (Zeng,
1999). Three other boxes are selected over the oceans, one over the North Atlantic
(NAT, 6.0–22.0◦ N and 80–15◦ W), one over South Atlantic (SAT, 25.0◦ S–2.0◦ N and
35◦ W–10◦ E) and the NINO3.4 region in the Pacific (5.0◦ S–5.0◦ N and 170◦ W–120◦ W).10

The vertically integrated moisture flux is calculated for box 1, 2, 3 and 4 and for the
gray box shown in Fig. 1.

2.4 Correlation and vertically integrated moisture flux

For the analyses of influence of SST, moisture transport and precipitation in the Ama-
zon, we extracted the time series of precipitation averaged over each box in the Ama-15

zon, and calculated its correlation (r , Eq. 1) to the SST in the ocean areas shown in
Fig. 1, for the period 1979–2005.

r =
Cx,y

SxSy
(1)

where Cx,y is the covariance between x and y , and SxSy represent the SD. Correlation
coefficients are calculated here between the SST for the months of May or Novem-20

ber and precipitation averages from June through August (JJA) or December through
February (DJF). The purpose of relating SST to lagged precipitation is to consider the
effect of atmospheric memory of this teleconnection.
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The transport of water vapor (Q) is calculated according to Rao et al. (1996) for the
four boxes on Amazon. The purpose of this calculation is to evaluate the transport
entering (plus transport) or out (negative transport) the edges of the selected domain.
The calculation follows the equations:

Qv =
1
g

po∫

pt

(qv)dp (2)5

Qu =
1
g

po∫

pt

(qu)dp (3)

Where Qu and Qv flows are moisture zonal and meridional, respectively, g (ms−2) is the
acceleration due to gravity, q (kgkg−1) is the specific humidity, u (ms−1) and v (ms−1)
are the zonal and meridional components of the winds and pt and po represent the
pressure (hPa) at 300 hPa and the surface, respectively. The unit flows are given in in10

mmday−1.
To perform the calculation in the east, west, north and south edges should be set in

each of these edges the limits of boundaries according to Eqs. (4) and (5) proposed by
Lima et al. (2010).

Qj =

lat0∫

lat1

Qidy (4)15

Qk =

lon0∫

lon1

Qidx (5)

The calculation is done on the edges using the above equations where it is necessary
to fix the latitude and longitude borders. The index j (Eq. 4) defines the longitude to
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fix the east or west borders, lat1 (lat) border represents the latitude value at the south
(north) edge. The index i in the equations represents the vertically integrated moisture
flux calculated previously. The index k (Eq. 5) defines the latitude to fix the north or
south borders, lon1 (lon) is the longitude on the western (east) edge.

To calculate the bias of each model relative to the observed data from GPCP and5

ERAI, we use the Eq. (6). This calculation is applied to the values of precipitation and
moisture convergence. This calculation gives us a good indication of the bias of the
models in reproducing the observation.

% =
[

(model−observation)

observation

]
×100 (6)

3 Results10

Figure 2 shows the average monthly precipitation (Fig. 2a), evapotranspiration (Fig. 2b)
and moisture convergence (Fig. 2c) for all models compared to observations or reanal-
ysis, corresponding to spatial and temporal averages in the gray box of Fig. 1. Obser-
vations are presented in a thick red line, with a pink shaded region representing their
monthly SD, and model simulations are the different colored lines.15

All the models are able to represent the seasonality of precipitation with rainy sum-
mer (DJF) and dry winter (JJA) conditions in the Southern Hemisphere (Marengo et al.,
2012), but the intensity is underestimated throughout the year, especially during the
dry season (JJA). In JJA some models produce close to zero rainfall. Some models
represent satisfactorily the seasonality, for instance ACCESS1-0, HADGEM2-CC-ES20

HADGEM2 NMI-CM4 and MRI-CGCM3. The results found here are similar to those
obtained by Joetzjer et al. (2013) who evaluated the Amazon rainfall of these climate
models. In that work, it was shown that the models underestimate the dry period pre-
cipitation despite the improvement in spatial resolution compared to previous versions
of the models.25
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Evaporation represents an important local moisture source to the atmosphere. In
Fig. 2b, the evapotranspiration simulated by most models shows an overestimation
compared to the mean of a set of evaporation estimates (Mueller et al., 2013). How-
ever, some models (BCC-CSM1.1, CANESM2 and FGOALS-G2) show underestima-
tion in the dry season (JJA). Other models are out of phase in relation to that seen5

in the observation in this period, for instance MRI-CGCM3 and GFDL-ESM2G. They
present minimum values in the August, September and October quarter. Despite this
overestimation, we note that the models are generally able to represent well the sea-
sonality of this variable, showing maxima during the rainy season and minima in the
dry season consistent with that observed in precipitation (Fig. 2a). The convergence of10

vertically integrated moisture (Fig. 2c) shows high variability among the models in the
rainy season but in the dry season, most of them tend to underestimate the moisture
convergence.

To compare the performance of the models in relation to the observed data (GPCP)
we plot in Fig. 3 the correlation between the observation and the model in relation to15

root-mean-square (RMS) as defined by the standard model (σ model) normalized by
observation (σ observation) during JJA (blue dot) and DJF (red dot) in the period 1979–
2005 for precipitation in the gray box of Fig. 1. Some models show negative correlations
(BCC-CSM1.1, CNRM-CM5, GFDL-CM3, MIROC-ESM, MPI-ESM-LR, MRI-CGCM3
and NORESM1-M) and for simplicity and visualization of the results, they are not shown20

in the diagram. Most of the models have low correlations, varying between 0.3 and 0.6
for both seasons. However, the models that show the best correlations (above 0.6)
are those of the quarter JJA, that is, for the IPSL-CM5A-LR, IPSL-CM5A-MR, CCSM4
and HADGEM2-ES models. The low normalized SD of the models shows that most
models are not able to represent the pattern of variability of the observed data. The25

RMS for most models is high, with values above 3.5 and it shows that the models have
poor ability to simulate the observed data. In general, the CMIP5 models are unable to
satisfactorily represent the relationship between the observed and simulated rainfall in
the Amazon in the present climate.
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The percentage bias of the modeled precipitation (Eq. 6) in Amazonia (gray box in
Fig. 1) is compared to GPCP during the dry (JJA, gray bar) and rainy season (DJF,
white bar) in the period 1979–2005 in Fig. 4. Beside bias, the average of all models
(Mean) and standard error of the mean of all models (SEM) is shown. Positive or neg-
ative bias indicates overestimation or underestimation, respectively.5

We note a pattern of underestimates in most models compared to the observed data
from GPCP in the four boxes for both the dry and rainy season. Consistently, Fig. 5
presents bias of simulated pressure velocity omega (Pas−1) at 500 hPa that shows that
most models underestimate the convection in comparison to ERAI, and the result is an
inhibition of simulated upward movements, which in turn, suppresses the formation of10

precipitation.
However, there is a small set of models that presents overestimation, for instance

ACCESS1-0, GISS-E2-R, HADGEM-CC, HADGEM-ES and INM-CM4. The spatial pat-
tern of the bias of precipitation shows that these models exhibit overestimation of pre-
cipitation, mainly in box 2 during the dry period consistent with the bias of simulated15

pressure velocity omega (Pas−1) at 500 hPa. It is also shown that the positive bias
of precipitation is greater in the region of the ITCZ of the Atlantic and tropical Pacific
Oceans. The negative bias of precipitation is observed for the Amazon.

It is also interesting to note that, in box 3, during the wet season, there is a positive
bias in simulation of vertical motions (Fig. 5), which may partly explain the lower biases20

in precipitation simulations in that area.
During JJA, box 3 (Eq. 2) is the area that shows the smallest underestimation (over-

estimation) on average, that is, 51 % (13 %). During the rainy season, box 3 (Eq. 2)
presents an overestimation (underestimation) of 1 % (41 %). On average, rainfall in the
dry season is underestimated by approximately 38 % (mean values of box 1, 2, 3 and25

4), but in the rainy season, this underestimation is 21 %.
The mean SEM of the four boxes in the dry season (rainy) is 9.3 (5.0) mm day−1, that

is, the models underestimate more in the dry season than in the rainy season. Cook
et al. (2012) analyzed 24 models of the Fourth Assessment Report (AR4) in order to
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assess the factors responsible for changes in rainfall in the Amazon in response to
climate change. The results showed that most models showed a significant decrease
of approximately 10.5 % in the dry season (May to September). During the rainy sea-
son (December to March), there was an increase of approximately 5 %. These results
showed that the most significant changes were observed in the dry season. Accord-5

ing to Yin et al. (2013) this underestimation of precipitation in the dry season by the
models could be explained by the fact that the models overestimate the convection in
the Intertropical Convergence Zone (ITCZ) region, which in turn, could increase the
subsidence and divergence of moisture on Amazon contributing to a dry bias in the dry
season.10

Figure 6 shows the percentage bias of moisture convergence (Eq. 6) in the dry (JJA,
gray bar) and rainy season (DJF, white bar) from 1979 to 2005. For the purpose of
analysis, values that exceed ±100 % were truncated. In general, there is underestima-
tion by most models in the dry season, with the exception of box 4, which shows no
predominance to neither overestimate nor underestimate moisture convergence. For15

this box it is shown that 11 of the 21 models show overestimation that exceeds 100 %.
In all cases analyzed, box 3 shows the largest underestimates compared to observed
data, exceeding 100 %. In this box, about 19 of the 21 models exceed −100 %. On
average, the dry season underestimation is 27 %, while in the rainy season it is −16 %.

The mean SEM of four boxes is 11.3 mm day−1 during the dry season compared20

with 9.0 mm day−1 during the rainy season, emphasizing again that the largest error
is found in the dry period due to larger underestimations. According to Satyamurty
et al. (2013) drier conditions as observed in Fig. 4 are associated with reduction in
moisture convergence over the forest. The spatial maps of moisture convergence at
850 hPa show that most models are dominated by a pattern of divergence of moisture25

in the dry season (JJA) in the four boxes analyzed.
On the other hand, observing the bias of this variable (Fig. 6) it is noticeable that the

models are able to reproduce the spatial pattern of moisture convergence, but they fail
to represent (underestimate) properly the observed value of the ERAI. During the rainy
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season, these maps show predominance of moisture convergence in the region, but
the bias of moisture convergence of four boxes shows a pattern of underestimation,
similar to the situation in the dry season.

4 Discussion

To analyze the possible causes for the underestimation of model simulated precipitation5

in Amazonia and discuss the consequences for the analysis of future projections, it is
interesting to explore to what extent the variability of rainfall is related to the SST in the
surrounding oceans, and discuss how the models represent these processes.

4.1 Correlation between precipitation in the Amazon and SST in the adjacent
oceans10

The correlation between SST of the Pacific and Atlantic oceans and precipitation within
the ensemble of 21 models as well as the interannual variability of rainfall in the Amazon
between 1979 and 2005 is shown in Figs. 7 and 8 for the box 1, 2, 3 and 4 of Fig. 1.

In Fig. 7 (SST_MAY x PREC_JJA) we note that rainfall in northern Amazonia is
correlated with the Atlantic and the Pacific SST. The figure shows that SST modulates15

the simulated rainfall in this region, in contrast with boxes 3 and 4, which show weaker
correlations with no statistical significance. In addition, there is a dipole in the tropical
Atlantic (Fig. 7a and d) with warmer SST in the North Atlantic and colder in the South
Atlantic. The configuration of this inter-hemispheric gradient induces the positioning
further north of the ITCZ and in general contributes to drier conditions over the Amazon.20

The tropical Pacific includes the ENSO variability, which impacts precipitation in
northeast Amazon region (Fig. 7d). The correlation in the tropical Atlantic Ocean sug-
gests that SST here plays an important role in determining the interannual variability of
rainfall in Amazonia, particularly in the dry season (Yoon and Zeng, 2010).

682



D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

On the other hand, during the summer (Fig. 8) it appears that the tropical Pacific
Ocean SST has more influence on rainfall over the Amazon than in winter. However, we
note that the major influences of SST occur in eastern/northeastern Amazon (Fig. 8c
and d) which show the strongest and most significant correlations. Based on the spatial
pattern of SST in this period, we note that there is an ENSO-like pattern with greater5

intensity than observed in winter (Fig. 7). It is well known that variations of SST in the
Pacific Ocean cause changes in precipitation in the Amazon (Ropelewski and Halper,
1987; Zeng, 1999). The influence of Atlantic SST is the main forcing for extreme events
(droughts or floods) Amazon (Moura and Shukla, 1981; Liebmann and Marengo, 2001)
that can impact the overall pattern of atmospheric circulation and moisture transport10

(Fu et al., 1999; Wang and Fu, 2002).
The positive bias in SST in most models shows that they overestimate the SST in

the tropical Atlantic and Pacific Oceans. This pattern of the models can be responsible
for drier conditions and reduced moisture convergence over the Amazon, since the
observed values are generally above average on these oceans favoring large scale15

subsidence in the region, suppressing precipitation.
The correlation between SST and precipitation over Amazon (Fig. 9) provides us with

a more quantitative view of how the SST is related to precipitation of the Amazon. In
Fig. 9a–d (NAT) in JJA we note negative correlation of SST with rainfall in the Amazon
(Good et al., 2008). Most models follow however the pattern of observed data from20

GPCP (black bar) and CMAP (bar red). The negative correlation is explained by the
fact that the SST in May is relatively warmer, and JJA corresponds to the dry season in
the Amazon which causes upward movement in regions of warm SST resulting in sub-
sidence over the Amazon (Zeng et al., 2008). Moreover, during DJF (Fig. 9e–h, NAT)
there is a positive correlation different from JJA. In this case, the SST is relatively cold,25

and at the same time, Amazon is on the edge of two main rainfall producing systems
known as the Intertropical Convergence Zone (ITCZ) and South Atlantic Convergence
Zone (SACZ). In general, the models reproduce the observational pattern observed for
the four boxes studied suggesting that the models are able to capture this variability.
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4.2 Bias of water balance in the present climate and possible causes for under-
estimation of modeled precipitation in Amazonia

The bias (Fig. 10) corresponds to the difference between the model and observation
(ERAI) of vertically integrated moisture flux (Fig. 1, gray box). The left (right) refers to
the JJA (DJF). The unit of the lateral flux is 107 kgs−1, while the balance (convergence)5

is expressed in mm day−1.
Evaluating the flow that enters the northern edge for both JJA and DJF (Fig. 10a

and f, respectively), there is a positive bias that represents an overestimation of the
models. It is known that the inflow in JJA is from the South Atlantic Subtropical High
(ASAS), while in DJF, the entry is via trade winds from the northeast and ASAS. On10

the southern edge (Fig. 10b and g), the bias is positive indicating that the models over-
estimate the flow relative to ERAI. Some models underestimate this flow, for example,
ACCES1-0, HADGEM2-CC and HADGEM2-ES during JJA. In DJF, most models have
underestimated compared to ERAI.

On the southern border, the intensity of overestimation of the models is greater dur-15

ing JJA than DJF. However, the humidity output is greater in DJF than JJA. On the
eastern edge (Fig. 10c and h), a negative bias is observed which indicates underes-
timation of the models, and this feature is seen in most of them in JJA, while in DJF,
most models overestimate compared to the observed data. The reduction of moisture
in JJA by the eastern edge shown by the models is dangerous for the maintenance20

and operation of the forest, since the moisture that enters through east edges of the
domain is influenced by the South Atlantic Subtropical High (Satyamurty et al., 2013).

The western edge (Fig. 10d and i) is characterized by negative bias corresponding to
underestimation in JJA and DJF, in other words, the models are simulating the output of
humidity less intensely. The resulting balance of all flows shows a difference between25

JJA (Fig. 10e) and DJF (Fig. 10j).
During JJA most models underestimate the convergence, while in DJF we note over-

estimation. This difference is due to the fact that in JJA (Fig. 10c) the eastern flow
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shows greater underestimation compared to DJF (Fig. 10f). Note also that the flow
west is more underestimated in JJA (Fig. 10d) than DJF (Fig. 10i) which may have
contributed to the underestimation seen in JJA (Fig. 10e) compared to DJF (Fig. 10j).
In general, the moisture convergence in the Amazon is positive, that is, it is a source of
atmospheric moisture in JJA and DJF (Satyamurty et al., 2013).5

Joetzjer et al. (2013) compared simulations of precipitation in the Amazon during the
climates of the present and the future by 13 CMIP3 and CMIP5 models. The results
showed that, despite the improvement in spatial resolution of the models in CMIP5,
precipitation is still underestimated by most of them. The models tend to represent the
SST warmer than normal in the eastern Pacific and Atlantic inhibiting cloud formation10

and, consequently, the formation of precipitation.
The results of the correlation (Fig. 9) between the time series of precipitation in the

four boxes in Fig. 1 and the spatial pattern of SST in the oceans Pacific (NINO3.4) and
North and South Atlantic during JJA and DJF showed that the models were able to
represent the correlation pattern of the observed data. This shows the skill of the mod-15

els to represent satisfactorily the relationship between SST and precipitation, though
the latter variable remains underestimated by the models despite the improvement in
spatial resolution compared to previous versions of CMIP5.

In Fig. 9i–p (SAT) on average, the correlations are positive in both DJF and JJA
corroborating the results found by Yoon and Zeng (2010) and Liebman and Marengo20

(2001). The correlations of the NINO3.4 area with Amazon rainfall (Fig. 9q–x) show
negative correlations for most models in the JJA and DJF. Studies like Yoon and Zeng
(2010) showed that the variability of rainfall in the Amazon is associated with varia-
tions in SST in the Pacific, in particular associated with El Niño/Southern Oscillation
(ENSO). Langenbrunner and Neelin (2013) used 15 models of the CMIP5 during DJF25

and they analyzed the correlation between the Southern Oscillation Index (SOI) in the
NINO3.4 region with global precipitation of the CMAP. The results showed that there
was a negative correlation in the region Amazon confirming the results found here.
Ronchail et al. (2002) evaluated the relationship between precipitation in the Amazon
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basin and the SST in the equatorial Pacific during JJA and DJF quarters. The results
showed a negative correlation between these two variables that occurred due to the in-
fluence of SST both the Pacific and the Atlantic oceans. Liebman and Marengo (2001)
analyzed the variability of the rainy season and rainfall in the Brazilian Amazon basin
during JJA and DJF and found that precipitation is negatively correlated with SST in5

the NINO3.4 region.
The flow of moisture that enters the Amazon occurs by the influence of the South

Atlantic Subtropical High as well as the trade winds. Depending on the time of year,
moisture penetration occurs through the action of these two systems or just the influ-
ence of one of them. It was noted that in JJA moisture penetration is predominantly via10

South Atlantic Subtropical High, while in summer, occurs both as the influence of this
system by the trade winds. This was observed by the values of flows that have entered
at each edge of the field of Fig. 1 (gray box). For example, on the north edge the flow
is strongest in DJF than in JJA.

On the other hand, in the eastern edge the moisture flow is more intense in JJA than15

in DJF. In JJA models overestimated flows in the northern and southern edges and
underestimated the eastern and western edges as a result of flows entering and leaving
the domain. It was noticed that models underestimated this final balance, showing
that there was less net moisture entry this quarter. The results for DJF showed that
the models overestimated in the north and the east and underestimated in the south20

and west. Less moisture leaving by edge through the south and west edges favored
overestimated in the calculation of the final balance. In general, both in DJF and JJA
the Amazon acted as a sink of moisture to the atmosphere despite the underestimation
(overestimation) in JJA (DJF).

Most studies using the CMIP5 simulations (Joetzjer et al., 2013; Yin et al., 2013)25

evaluated the energy balance of the surface, precipitation variability, fields associated
with atmospheric circulation to understand why the models are deficient in satisfactorily
representing the precipitation regimes over the Amazon. We aimed to contribute to this
analysis by investigating the properties of moisture transport to Amazon.
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The diagram in Fig. 11 shows a summary of the main results obtained from the anal-
ysis of the bias of precipitation and moisture convergence for the austral summer (DJF,
Fig. 11a) and austral winter (JJA, Fig. 11b). During the wet season (DJF), our results
show that the climate models have higher biases in rainfall simulation in the North-
eastern region of Amazonia, while a lower bias and relatively better performance is5

noted in the Southwest. During the dry season (JJA), an opposite pattern is observed,
that is, higher bias in rainfall simulations, probably related to higher bias of moisture
convergence in the Southwest, and lower biases in the Northeast.

During DJF, the variability of SST in the Pacific is the main responsible for the modu-
lation of atmospheric circulation and moisture convergence in Northeastern Amazonia10

(Fig. 8c and d). In this case, improvement in the model representations of the SST
patterns and rainfall generating processes is clearly needed.

It is also noted that a positive bias of vertical motion (Fig. 5b) in the Southwestern
part of the basin may, in this case, be responsible for a “better” performance of the
models. However, this may be a case of unwittingly getting the right answer, where the15

models seem to show a good representation of the rainfall but wrongly represents its
underlying processes.

In JJA, the higher bias obtained in the Southwest is less related to SST variability,
but largely related to a bias in moisture convergence (Fig. 6). Because there is little
relation to SST variability, it is likely that this underestimate of precipitation is caused20

by an underestimate of moisture recycling processes in the models.
In the Northeast, a lower bias was obtained, and, giving the high correlation of rainfall

variability in this region with the patterns of SST in the Atlantic and Pacific (Fig. 7), it ap-
pears that the model simulations are representing relatively well the rainfall generation
processes and teleconnections in this region in the dry season.25

The results also show that some models such as HADGEM2, for example, showed
a positive bias of precipitation in summer, which, particularly in the case of this model,
can be attributed to perhaps the improvement in the representation of the generation of
precipitation systems in the Amazon. Besides HADGEM2 models, other models show-
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ing positive bias are: GISS-E2-R, INM-CM4. However, most models evaluated follow
a trend for negative bias both for summer and for winter. Yin et al. (2013) used simula-
tions of 11 models of CMIP5 to check whether precipitation is still underestimated on
Amazon. The results showed that most models overestimate the Intertropical Conver-
gence Zone (ITCZ) in the Atlantic or Eastern Pacific. This overestimation may intensify5

subsidence and moisture divergence on the Amazon, which contributes to a dry bias
during the dry season.

Andreoli et al. (2012) showed by technique of composite using data observed in the
rainy season (JFMA) that the presence of positive anomalies of Sea Level Pressure
of the Equatorial Atlantic tend to weaken the Intertropical Convergence Zone (ITCZ)10

and that anomalies of positive SST in the eastern Pacific (upward movement over this
region and subsidence over the Amazon) contributed to the suppression of convec-
tion, and subsequently the reduction of precipitation over Amazonia. In general, the
poor representation of the SST in the Pacific and the Atlantic over the models can be
a possible cause of underestimation of precipitation. Proper representation of these15

mechanisms is important because precipitation is a key factor in the hydrological cycle
as well as for the carbon balance in the region.

5 Conclusions

We evaluated the performance of 21 models of CMIP5 on Amazon during the histori-
cal period that corresponds to the current climate (1979–2005) related to seasonality20

(DJF and JJA) of the moisture flux and precipitation by comparing the outputs of these
models with the products of precipitation the GPCP and CMAP, SST (NOAA) as well
as reanalysis ERAI.

The results showed that for the four boxes used to evaluate the models in subre-
gions within Amazonia, most models underestimated the rainfall in JJA and DJF sea-25

sons. A possible explanation for the underestimation is the inadequate representation
of precipitation-producing systems in the Amazon and the difficulty of models to repre-
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sent satisfactorily the variability of SST in the Equatorial Pacific and Atlantic Oceans.
SST is responsible for controlling precipitation particularly in the dry season.

For all subregions, model simulations of rainfall are biased, compared to the obser-
vations, but model performances vary from region to region. In general, higher biases
are obtained in the Northeastern part of the basin during the DJF quarter (austral sum-5

mer, wet season) and lower in the Southwest. During the JJA quarter (austral winter,
dry season), the pattern is opposite: higher biases are obtained in the Southwestern
and lower in the Northeast.

During DJF, rainfall variability in Amazonia is highly correlated with the SST pat-
terns in the Atlantic and Pacific oceans, and this modulates the general circulation and10

moisture convergence in the region. During JJA, on the other hand, biases in model
simulations are less likely to be related to SST variability, but special focus should be
given to moisture recycling processes in the models.

The Supplement related to this article is available online at
doi:10.5194/hessd-12-671-2015-supplement.15
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Table 1. The WCRP CMIP5 models used in this study.

Model Expansion Source Atmospheric
Resolution

1 ACCESS1.0 Australian Community Climate and Earth-System Simulator,
version 1.0

Commonwealth Scientific and Industrial Research Organisa-
tion (CSIRO) and Bureau of Meteorology, Australia

192×145

2 BCC-CSM1.1 Beijing Climate Center, Climate System Model, version 1.1 Beijing Climate Center, China 128×64

3 CanESM2 Second Generation Canadian Earth System Model Canadian Centre for Climate Modelling and Analysis, Canada 128×64

4 CCSM4 Community Climate System Model, version 4 National Center for Atmospheric Research (NCAR), United
States

288×192

5 CNRM-CM5 Centre National de Recherches Météorologiques Coupled
Global Climate Model, version 5

Centre National de Recherches Meteorologiques/Centre Eu-
ropeen de Recherche et Formation Avancées en Calcul Sci-
entifique, France

256×128

6 CSIRO Mk3.6.0 Commonwealth Scientific and Industrial Research Organisa-
tion
Mark, version 3.6.0

CSIRO and Queensland Climate Change Centre of Excel-
lence, Australia

192×96

7 FGOALS-s2 Flexible Global Ocean–Atmosphere–Land System Model
gridpoint, second spectral version

Institute of Atmospheric Physics, Chinese Academy of Sci-
ences,China

128×108

8 GFDL-CM3 GFDL Climate Model, version 3 (GFDL-CM3) National Oceanic and Atmospheric Administration (NOAA)/
GFDL, United States

144×90

9 GFDL-ESM2G Geophysical Fluid Dynamics Laboratory Earth System Model
with Generalized Ocean Layer Dynamics (GOLD) component
(ESM2G)

National Oceanic and Atmospheric Administration (NOAA)/
GFDL, United States

144×90

10 GFDL-ESM2M Geophysical Fluid Dynamics Laboratory Earth System Model
with Modular Ocean Model 4 (MOM4) component (ESM2M)

NOAA/GFDL, United States 144×90

11 GISS-E2-R Goddard Institute for Space Studies Model E2, coupled with
the Russell ocean model

NASA GISS, United States 144×90

12 HadGEM2-CC Hadley Centre Global Environment Model, version 2–Carbon
Cycle

Met Office, UK 192×145

13 HadGEM2-ES Hadley Centre Global Environment Model, version 2–Earth
System

Met Office, UK 192×145

14 INM-CM4.0 Institute of Numerical Mathematics Coupled Model, version
4.0

Institute of Numerical Mathematics, Russia 180×120

15 IPSL-CM5A-LR L’Institut Pierre-Simon Laplace Coupled Model, version 5A,
coupled with NEMO, low resolution

L’Institut Pierre-Simon Laplace, France 96×96

16 IPSL-CM5A-MR L’Institut Pierre-Simon Laplace Coupled Model, version 5A,
coupled with NEMO, mid resolution

L’Institut Pierre-Simon Laplace, France 96×96

17 MIROC5 Model for Interdisciplinary Research on Climate, version 5 Atmosphere and Ocean Research Institute (AORI) (The Uni-
versity of Tokyo), National Institute for Environmental
Studies (NIES), and Japan Agency for Marine-Earth Science
and Technology (JAMSTEC), Japan

256×224

18 MIROC-ESM Model for Interdisciplinary Research on Climate, Earth Sys-
tem Model

AORI, NIES, and JAMSTEC, Japan 128×64

19 MPI-ESM-LR Max Planck Institute Earth System Model, low resolution Max Planck Institute for Meteorology, Germany 192×96

20 MRI-CGCM3 Meteorological Research Institute Coupled Atmosphere–
Ocean General Circulation Model, version 3

Meteorological Research Institute, Japan 320×160

21 NorESM1-M Norwegian Earth System Model, version 1(intermediate reso-
lution)

Norwegian Climate Centre, Norway 144× 96
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Figure 1. Study area. NAT is the region of the North Atlantic and SAT is the South Atlantic
region. The gray box is used in the analysis of climatology (Fig. 2), Taylor diagram (Fig. 3) and
discussion of biases in modeled water transport (Fig. 10).
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Figure 2. Climatology of Amazonian (a) precipitation (mm day−1), (b) evapotranspiration
(mm day−1) and, (c) moisture convergence (mm day−1) for the 1979–2005 period, and observed
(red thick line) and simulated (colored thin lines) by the CMIP-5 suite of climate models. The
shaded region represents the SD of the observation.
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Figure 3. Taylor diagram for correlation (green line) and SD (black line) for precipitation during
JJA and DJF (1979–2005) using GPCP like reference. On the Taylor diagram, angular axes
show correlation between modeled and observed; radial axes show SD (root-mean-square de-
viation [cyan line]) normalized against that of observation. The domain used is the gray box of
the Fig. 1. Only positive correlations are shown. The BCC-CSM1.1, CNRM-CM5, GFDL-CM3,
MIROC-ESM, MPI-ESM-LR, MRI-CGCM3 and NORESM1-M models show negative correla-
tions during DJF.
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Figure 4. BIAS of precipitation in relation to rainfall from GPCP. The average (Mean) of each
season as well as the standard error of the mean (SEM) are also shown in the upper left/right
corner. The value of SEM is calculated as the ratio between the SD and square root the number
of elements in the sample. SD is shown by the thin black bars.
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Figure 5. BIAS of Omega. The average (Mean) value of each season as well as the standard
error of the mean (SEM) are shown in the upper left/right corner. The value of SEM is calculated
as the ratio between the SD and the root square of the number of elements in the sample. SD
is shown by the thin black bars. The values were multiply by −1 to show that models underes-
timate omega (ERAI). The HADGEM2-CC model does not provide any omega information.
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Figure 6. BIAS of moisture convergence in relation to ERAI. The average (Mean) of each
season as well as the standard error of the mean (SEM) are also shown in the upper left/right
corner. The value of SEM is calculated as the ratio between the SD and square root the number
of elements in the sample. SD is shown by the thin black bars.
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Figure 7. Ensemble correlation between SST_MAY and PREC_JJA of all 21 models of the
CMIP5 to box 1, 2, 3 and 4. Dotted areas are significant at the 90 % level of significance.
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Figure 8. Ensemble correlation between SST_NOV and PREC_DJF of all 21 models of the
CMIP5 to box 1, 2, 3 and 4. Dotted areas are significant at the 90 % level of significance.
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Figure 9. Correlation between regions of SST in the Pacific and Atlantic oceans and precipita-
tion in the Amazon to box 1, 2, 3 and 4 (Fig. 1).
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Figure 10. BIAS of the moisture flux by components in JJA (left) and DJF (right) period. The
unit flows north, south, east and west are in 107 kgs−1 and balance unit is mm day−1. In the
upper right corner of each figure is the calculated flow of moisture ERAI. The bars are the
difference between the models and the ERAI. The moisture flux is calculated on the edges in
the gray box in Fig. 1.
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Figure 11. Schematic diagram showing the bias of precipitation and moisture convergence.
The blue outline represents the Amazon basin.
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