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Abstract In this study, the relationships between Central
America/Mexico (CAM) winter precipitation and tropi-
cal Pacific/Atlantic sea surface temperatures (SSTs) are
examined based on 68-year (1948-2015) observations and
59-year (1957-2015) atmospheric model simulations forced
by observed SSTs. The covariability of the winter precipita-
tion and SSTs is quantified using the singular value decom-
position (SVD) method with observational data. The first
SVD mode relates out-of-phase precipitation anomalies in
northern Mexico and Central America to the tropical Pacific
El Nifio/La Nifia SST variation. The second mode links a
decreasing trend in the precipitation over Central America
to the warming of SSTs in the tropical Atlantic, as well as in
the tropical western Pacific and the tropical Indian Ocean.
The first mode represents 67% of the covariance between
the two fields, indicating a strong association between CAM
winter precipitation and El Nifio/La Nifia, whereas the sec-
ond mode represents 20% of the covariance. The two modes
account for 32% of CAM winter precipitation variance, of
which, 17% is related to the El Nifio/La Nifia SST and 15%
is related to the SST warming trend. The atmospheric cir-
culation patterns, including 500-hPa height and low-level
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winds obtained by linear regressions against the SVD SST
time series, are dynamically consistent with the precipita-
tion anomaly patterns. The model simulations driven by the
observed SSTs suggest that these precipitation anomalies
are likely a response to tropical SST forcing. It is also shown
that there is significant potential predictability of CAM win-
ter precipitation given tropical SST information.
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Central America - Mexico

1 Introduction

Since the beginning of the twenty-first century, widespread
droughts have been striking Central America, leading to dev-
astating social and economic impacts. According to a report
from the United Nations (OCHA 2014), about two and a half
million people in Central America are at the risk of food
insecurity. Further to the north, a prolonged drought has also
been afflicting Mexico, which reduced Mexico’s agricultural
production by 40% (Rodriguez 2012). The threat for the
drought state in Central America/Mexico (CAM) immedi-
ately raises a question as to what the contributing factors are.

Sea surface temperatures (SSTs) in the adjacent oceans
have been identified as an important factor modulating
the precipitation in CAM (e.g., Cavazos and Hastenrath
1990; Enfield 1996; Enfield and Alfaro 1999; Pavia et al.
2006; Karnauskas and Busalacchi 2009; Mendez and
Magana 2010; Bhattacharya and Chiang 2014), including
El Nifio—Southern Oscillation (ENSO) and tropical Atlantic
SST. The former is a major source of interannual variability
of CAM precipitation (e.g., Giannini et al. 2000), whereas
the latter is a proxy of global warming used for future cli-
mate projection for CAM (e.g., Fuentes-Franco et al. 2015).
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The associations between CAM precipitation and Pacific/
Atlantic SSTs have been examined in many previous stud-
ies. It is well recognized that winter precipitation in most
of Mexico tends to be above-normal (below-normal) dur-
ing El Nifio (La Nifia) years and precipitation anomalies
in Central America tend to be opposite (e.g., Cavazos and
Hastenrath 1990; Magana et al. 2003; Seager et la. 2009). It
is also found that there is a strong association between CAM
precipitation and Atlantic SST (e.g., Enfield 1996; Enfield
and Alfaro 1999; Taylor et al. 2002). From a historical per-
spective, however, the relative importance of the SSTs in
the two tropical ocean sectors, and their contributions to the
CAM precipitation variability have not been quantified. A
better understanding of this issue is essential for improving
seasonal prediction of CAM precipitation.

The present study is aimed at quantifying the relation-
ships between wintertime CAM precipitation and tropical
SSTs based on historical data. The primary foci are (a) to
identify the winter precipitation patterns in CAM that tend
to occur concurrently with the leading modes of tropical
SST variability, (b) to determine the relative importance of
tropical Pacific and Atlantic SSTs to the CAM precipitation,
(c) to verify whether the observed relationships result from
an atmospheric response to tropical SST forcing with atmos-
pheric model simulations, and (d) to assess the potential
predictability of CAM winter precipitation knowing tropical
SST distribution.

2 Data and methods

The data used in this study consist of precipitation, SST,
atmospheric wind, and geopotential height fields. For the
observational analysis, the precipitation data are taken from
the National Oceanic and Atmospheric Administration
(NOAA) Precipitation Reconstruction over Land (PREC/L)
dataset (Chen et al. 2002) on a 1°x 1° (latitude X longitude)
grid. The SSTs are the NOAA Extended Reconstructed
SST (ERSST) version 3b (Smith et al. 2008) on a 2°x2°
grid. The atmospheric wind and height fields are from the
National Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR) Reanaly-
sis product (Kalnay et al. 1996) with a 2.5°X2.5° resolution.

All the observational data are monthly means over a
68-year period from 1948 to 2015. Wang and Fu (2000)
demonstrated that a typical ENSO-forced circulation pattern
emerges in January and persists through March. Therefore,
winter seasonal means in this study are the averages of the
monthly mean data of January, February, and March (JFM).
An anomaly is defined as the deviation of a seasonal mean
from its 68-year climatology.

The relationships between CAM winter precipitation
and tropical Pacific/Atlantic SSTs are examined by using
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the singular value decomposition (SVD) method (Brether-
ton et al. 1992). This statistical approach can pick out pairs
of spatial patterns of precipitation and SST with maximum
temporal covariance between the two fields (e.g., Ting and
Wang 1997; Wang and Ting 2000; Wang et al. 2010, 2012;
Wang and Kumar 2015). Correlation and linear regression
against the SVD time series of precipitation and/or SST are
used to document and composite the associated atmospheric
circulations. The statistical significance of the correlation
coefficients is estimated by the two-tailed t-test (Snedecor
and Cochran 1989).

The SVD analysis identifies empirical linkages between
precipitation and SST, but it does not infer any causal rela-
tionships between the two fields. Whether the precipita-
tion—SST linkages obtained based on observational data
are atmospheric responses to SST is further verified with
Atmospheric Model Intercomparison Project (AMIP)
simulations in which SST is prescribed as a forcing. The
model used is the NCEP Global Forecast System (GFS),
an atmospheric component of the NCEP Climate Forecast
System (CFS) version 2 (Saha et al. 2014). The model has
a horizontal resolution of T126 (~105 km) and 64 vertical
layers. The model was forced by the observed time-varying
global monthly SSTs with the Hadley Centre Sea Ice and
SST (HadISST) dataset (Rayner et al. 2003) for 1957-2008
and the NOAA Optimum Interpolation SST (OISST) v2
(Reynolds et al. 2002) afterwards. During model integra-
tion, observed monthly mean SSTs are linearly interpolated
to daily values. It was also forced by the observed time-var-
ying sea ice and greenhouse gas concentrations. The model
simulations consist of 18 realizations, each starting from a
different initial condition on 1 January 1957 and integrated
from 1957 to 2015. Our analysis focuses on the 18-mem-
ber ensemble averages of the JEM data over the 1957-2015
period.

3 Results

3.1 Long-term mean and variability of winter
precipitation

The observed long-term mean winter precipitation shown in
Fig. 1a is characterized by abundant precipitation (>2 mm
day™") over Central America. In contrast, Mexico is dry in
winter with mean precipitation less than 1 mm day~' across
most of the country. The variability of winter precipitation
(Fig. 1b), which is quantified by the standard deviation of
JFM seasonal mean precipitation, displays a spatial distri-
bution with strong variability in Central America and weak
variability to the north. Figure 1 indicates that large interan-
nual precipitation anomalies are generally associated with
large mean precipitation. This is consistent with the fact that



Covariability of Central America/Mexico winter precipitation and tropical sea surface...

4337

(a) Mean Precipitation

(b) Standard Deviation

35N 35N
30N 30N
25N 25N
20N 20N
15N 15N
10N - 10N -
5N T T T T 5N T T T T
120W 110w 100W 90w 8OW 120w 110w 100W 90w 80W
I | e B
0 1 2 3 4 5 025 05 075 1 1.25 1.5
1 (c) Precipitation Time Series
0.8
0.6
04 M
2 02
N |
£ v
£ -02
-0.4
-0.6
-0.8
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

Fig. 1 a Climatological seasonal mean (mm day~') and b standard
deviation (mm day ') of winter (JFM) precipitation in Central Amer-
ica and Mexico based on 1948-2015 observations, and ¢ time series
of precipitation anomalies (mm day~') averaged over Central Amer-

the variability of precipitation is characterized by a gamma
distribution for which mean and standard distribution are
proportional (e.g., Peng and Kumar 2005; Chen and Kumar
2016).

Figure 1c shows the time series of winter precipitation
anomalies averaged over Central America (south of 17°N)
and Mexico (north of 17°N), respectively, from 1948 to
2015. The area-averaged winter precipitation in Central
America exhibits larger interannual variability than in
Mexico, with the corresponding standard deviations of 0.40
and 0.24 mm day~!, respectively. The correlation coeffi-
cient between the two time series is —0.02, indicating that
the overall variations of winter precipitation over Central
America and Mexico are largely independent. Additionally,
a trend of decreasing precipitation (—0.05 mm day~! per
decade) is found over Central America, whereas virtually

ica south of 17°N (thick red line) and Mexico north of 17°N (thick
blue line). The thin red and blue lines in ¢ are the corresponding lin-
ear trends

no trend (0.005 mm day ™' per decade) is found for Mexico.
It is also evident that the precipitation anomalies averaged
over the two regions have been largely negative since 2000,
consistent with the prolonged droughts in CAM.

3.2 Covariability between CAM precipitation
and tropical SST

To quantify the relationship between CAM precipitation
and tropical SST, an SVD analysis is performed based on
the covariance matrices of winter season CAM precipita-
tion and SSTs in the tropical Pacific and Atlantic basins
(30°S-30°N, 120°E-30°E). Table 1 summarizes the sta-
tistics of two leading SVD modes, including the percent-
age of covariance explained by each mode, the temporal
correlation coefficient between each pair of the SVD time
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Table 1 Statistics of two leading SVD modes of winter (JEM) tropi-
cal Pacific/Atlantic SST and MCA precipitation (Pr) based on 1948—
2015 observational data, including the percentage of covariance
explained by each mode, the temporal correlation between pairs of
SVD time series, and the variance of individual fields explained by
each mode

SVD mode Covariance Correlation SST vari- Pr vari-
(%) ance (%) ance
(%)
Mode 1 67 0.70 37 17
Mode 2 20 0.63 15 15

series, and the percentage of variance in individual fields
explained by each mode. Together the two modes account
for 87% of the covariance between the SST and precipita-
tion fields, and the corresponding components account for
52% of the SST variance and 32% of the precipitation vari-
ance, respectively. The spatial patterns of the two leading
SVD modes are shown in Fig. 2 in the form of homogene-
ous correlation maps (Wallace et al. 1992) for both SST
and precipitation.

The first SVD mode of SST (Fig. 2a) displays a typical
La Nifia SST pattern, with large negative correlations in the
eastern and central tropical Pacific and positive correlations
in the western tropical Pacific. Additionally, there are nega-
tive and positive correlations along the west coast of North
America and in the central North Pacific, respectively. Asso-
ciated with La Nifia, negative SST anomalies are also found
across the tropical Atlantic and Indian Ocean, consistent
with the interactions between ENSO and the tropical Atlan-
tic/Indian Ocean documented in previous studies (e.g., Wang
et al. 2013; Zhu and Shukla 2013; Zhu et al. 2015; Terray
et al. 2016). This mode explains 37% of the total tropical
Pacific and Atlantic SST variance (Table 1). The precipita-
tion component of the first SVD mode accounts for 17%
of the total CAM winter precipitation variance (Table 1).
The precipitation pattern (Fig. 2b) shows large negative cor-
relations in northern and central Mexico and positive cor-
relations in Central America. Therefore, associated with La
Nifa, winter tends to be drier than normal in Mexico, but
wetter than normal in Central America, consistent with pre-
vious studies (Cavazos and Hastenrath 1990; Magana et al.
2003; Seager et al. 2009).
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Fig. 2 Homogeneous correlation maps of the first (top panels) and
second (bottom panels) SVD modes between a, ¢ winter SST in the
tropical Pacific and Atlantic and b, d precipitation in Mexico/Central
America based on observations from 1948 to 2015. The correlations
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shown in shadings (>0.31 or <-0.31) are above the 99% significance
level. The percentage of the total variance explained by each mode
for SST (left panels) and precipitation (right panels) is listed at the
top right of each panel



Covariability of Central America/Mexico winter precipitation and tropical sea surface... 4339

The second SVD mode of SST is characterized by two
broad regions of positive correlations spanning across the
tropical Atlantic basin and the tropical Indian Ocean—west-
ern Pacific sector (Fig. 2c). The precipitation in the sec-
ond mode has a spatially coherent pattern with large nega-
tive correlations in Central America and southern Mexico
(Fig. 2d), the region with large mean winter precipitation
(Fig. 1a). The second mode thus represents a link between a
general warming in the tropical oceans and winter drought in
Central America and southern Mexico. This mode accounts
for 15% of the SST variance, much less than the first mode
(37%). However, it also accounts for 15% of the precipita-
tion variance, which is comparable to mode 1 precipitation
(17%).

The two pairs of the SVD time series of SST and precipi-
tation are show in Fig. 3. The temporal correlation between
the SST and precipitation time series in mode 1 (Fig. 3a) is
0.70, well above the 99% significance level. The SST time
series (red bars) exhibits large positive and negative values
greater than one standard deviation in La Nifia (1950, 1951,
1955, 1956, 1971, 1974, 1976, 1989, 1999, 2000, 2008, and
2011) and EI Nifio (1958, 1969, 1973, 1983, 1987, 1992,
1993, 1995, 1998, and 2010) years, respectively. The mode

1 precipitation time series (green bars) also show coherent
positive (negative) fluctuations with La Nifa (El Nifio).

The time series of the negative of the Nifio-3.4 SST index
is also plotted in Fig. 3a (red open triangles). Both the SVD
SST time series and the Nifio-3.4 SST index display consist-
ent interannual variations with a correlation coefficient of
0.98 between the two. In addition, the negative of precipi-
tation anomalies averaged over Mexico (thick blue line in
Fig. 1c) is also plotted in Fig. 3a (green open triangles). The
area-averaged precipitation anomalies are highly correlated
with the SVD mode 1 precipitation time series (0.81). Out
of 68 years, in 57 years (84% of the entire period) the two
precipitation time series have the same sign. The first SVD
mode thus suggests a close relationship between cold (warm)
phase of ENSO and dry (wet) conditions in Mexico and wet
(dry) conditions in Central America. This mode explains
67% of the covariance between the SST and precipitation
fields (Table 1), indicating the predominant role played by
ENSO in the covariability between winter tropical SST and
CAM precipitation.

The correlation between the SST and precipitation time
series for the second SVD mode (Fig. 3b) is 0.63, also well
above the 99% significance level. This mode explains 20%
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Fig. 3 Normalized SVD time series of winter (JEM) SST (red bars)
and precipitation (green bars) from 1948 to 2015 for a the first and
b the second modes. Red open triangles in a are the negative of the
Nifio-3.4 SST index (°C). Green open triangles in a are the negative
of precipitation anomalies (mm day~') averaged over Mexico north

1950 1955 1960 1965 1970 1975 1980
Year

1985 1990 1995 2000 2005 2010 2015

of 17°N (thick blue line in Fig. 1c), which are multiplied by 2 for
illustration purpose, and those in b are the negative of precipitation
anomalies (mm day~') averaged over Central America south of 17°N
(thick red line in Fig. 1c)
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of the covariance between the two fields (Table 1). Both time
series are characterized by an upward trend, with a transi-
tion of SST from cold anomalies to warm anomalies in the
1980s and 1990s. The timing of this change coincides with
unprecedented warming of the global mean temperature in
the late twentieth century (IPCC 2007). Associated with the
SST warming trend, the mode 2 precipitation time series
has persistent large positive values in the most recent dec-
ade (2005-2015). Superimposed on the mode 2 precipita-
tion time series (green bars) are the precipitation anomalies
averaged over Central America (green open triangles, also
thick red line in Fig. 1c). The correlation between the two
precipitation time series is 0.70 with 81% of the years (55
out of 68) having the same sign anomalies. The second SVD
mode thus links the prolonged drought in Central America
to the warming of tropical SST.

The SVD analysis confirms the relationship between
wintertime CAM precipitation and tropical Pacific ENSO
SST that has been documented in many previous studies.
It also links an increase in the intensity of droughts in the
CAM region during the last 20 years to the warming of SSTs
in the tropical Atlantic, western Pacific, and Indian Ocean.
Furthermore, the analysis quantifies these relationships and
their relative importance to the variability of CAM winter
precipitation (Table 1).

3.3 Associated atmospheric circulation

To understand the physical processes linking CAM pre-
cipitation to the tropical SST, Fig. 4 shows the circulation
anomalies of 500-hPa height, 850-hPa wind, and 925-hPa
divergence associated with the SVD mode 1 and mode 2
SSTs obtained based on linear regressions of 68-year data
against the corresponding SVD SST time series. The 500-
hPa height anomalies related to the mode 1 SST exhibit a
typical Pacific/North American (PNA) pattern (Fig. 4a). The
teleconnection pattern is characterized by an anomalous high
over the North Pacific, a low over Canada, and another high
over southern US and northern Mexico, indicating a wave
train originating from the tropical Pacific in response to La
Nifia. As part of the wave train over the CAM region, the
positive height anomalies to the north and negative anoma-
lies to the south (Fig. 4c), respectively with low-level diver-
gent and convergent flows, are dynamically consistent with
the precipitation distribution in Fig. 2b. In addition, asso-
ciated with La Nifia, there is a strong easterly Caribbean
low-level jet (Wang 2007), which enhances precipitation in
Central America.

Associated with the mode 2 SST, the 500-hPa height field
is dominated by positive anomalies in the tropics (Fig. 4b),
consistent with the general warming of tropical SST
(Fig. 2c). A wave train is also found over the PNA region,
though the amplitude of anomalies is smaller than that in
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Fig. 4a. There are positive height anomalies downstream
over the CAM region (Fig. 4d), which favor local dry condi-
tions and are likely driven by warm SST anomalies in the
adjacent oceans (Fig. 2c). Additionally, two centers of 925-
hPa divergence (Fig. 4d) coincide with the precipitation defi-
cits in Fig. 2d. The 850-hPa northwesterly wind anomalies
in the Caribbean Sea suppress local low-level jet, conducive
for less precipitation in Central America. The consistency
between the circulation anomalies associated with SST and
the precipitation anomalies in CAM suggests that the atmos-
pheric circulation links the variations between tropical SST
and CAM precipitation depicted by the two SVD modes.

3.4 Relationship between CAM precipitation
and tropical SST in AMIP simulations

To ascertain whether the precipitation anomalies identified
in the observational analysis (Fig. 2b, d) are the responses
to the tropical SSTs (Fig. 2a, c), the SVD analysis is also
applied to the 18-member ensemble mean CAM precipita-
tion of the AMIP simulations and the SST in the tropical
Atlantic and Pacific. The latter was prescribed as a bound-
ary forcing to drive the model. Therefore, any signals of the
ensemble mean precipitation may indicate the precipitation
response to the SST.

Figure 5 shows the spatial distribution of the homogene-
ous correlations (Wallace et al. 1992) of the three leading
SVD modes for both the wintertime SST and precipitation
fields. The first SVD mode (Fig. 5a, b) displays similar SST
and precipitation patterns to the observations (Fig. 2a, b),
suggesting the out-of-phase precipitation anomalies in Cen-
tral America and Mexico are the response to the ENSO SST.
Unlike the second mode of SST in the observations (Fig. 2c),
the observed positive correlations in the western Pacific and
South Pacific convergence zone show up in the second mode
of the AMIP simulations (Fig. 5c), whereas the observed
positive correlations in the Indian Ocean and tropical Atlan-
tic (Fig. 2c) appear in the third mode of the AMIP simula-
tions (Fig. 5e). In response to the second and third modes of
tropical SSTs (Fig. 5c, e), negative correlations are found in
the precipitation field over the southern and central Mexico
(Fig. 5d) and Central America (Fig. 5f), respectively, which
are consistent with the second SVD mode of precipitation in
Fig. 2d. The counterpart of the second mode in observations
thus spreads into the second and third modes in the AMIP
simulations.

The time series of the three SVD modes are shown in
Fig. 6. Both the SST (red bars) and model precipitation
(green bars) exhibit strong interannual variability in the first
mode (Fig. 6a) and an upward trend in the second and third
modes. The correlation between the two SST time series of
the first mode (red bars, Figs. 3a, 6a) is 0.99 over the com-
mon period of 1957-2015, indicating that the ENSO-related
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Fig. 4 Circulation anomalies
of a, b 500-hPa height (gpm), c,
d 850-hPa wind (vector, m s™1)
and 925-hPa divergence (con-
tour, s’l) associated with one
standard deviation of the SVD
SST time series, obtained based
on linear regressions against the
SVD SST time series for mode
1 (a, ¢) and mode 2 (b, d) using
observational data. Contour
interval in ¢, d is 2.0x 1077 s71,
with positive in red, negative in
blue, and zero contour in thick
black. Shadings in ¢, d are same
as in a, b. The height anomalies
circled by red (blue) lines in

a, b are positively (negatively)
correlated with the SVD SST
trim series above the 99% sig-
nificance level
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mode in the observations is well picked out in the AMIP
simulations. The correlations of the SST time series of the
second mode in the observations (red bars, Fig. 3b) with
those of the second and third modes in the AMIP simula-
tions (red bars, Fig. 6b, c) are 0.56 and 0.42, respectively,
both exceeding the 99% significance level (0.33). The
model results (Figs. Sc—f, 6b, c) suggest that the prolonged

droughts in CAM in recent decades (Figs. 2d, 3b) are indeed
the responses to the warming of SST in the tropical Atlantic,
western Pacific, and Indian Ocean.
Table 2 summaries the statistics of the three SVD
modes. Together the three modes count for 96% of covari-
ance between the SST and precipitation fields, higher than
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Fig. 5 Same as Fig. 2, but for the three leading SVD modes based on 18-member ensemble mean AMIP simulations from 1957 to 2015. The
correlations shown in shadings (>0.33 or <—0.33) are above the 99% significance level

the two leading modes in the observations (87%, Table 1).
Similar to the observations, the correlation between each
pair of the SVD time series is highly significant, ranging
from 0.61 to 0.73. The total SST variance represented by
the three modes is 48%, comparable to the observations
(52%). However, the precipitation variance explained by
the three modes in the model is much higher than that in
the observations (81 vs. 32%). The higher percentages of
the covariance between the two fields and the precipita-
tion variance explained are due to the ensemble average
procedure, which reduces the internal variability and thus
amplifies the signal to noise ratio (Kumar and Hoerling
1995).

@ Springer

3.5 Potential predictability of CAM winter
precipitation

The observational analysis presented in Figs. 2, 3 and 4
suggests that the variability of CAM winter precipitation is
strongly tied to tropical Atlantic and Pacific SSTs through
the atmospheric circulation. The AMIP simulations fur-
ther confirm that the CAM precipitation associated with
the tropical SSTs are the responses to the SST forcing.
The tropical SSTs, thus, have potentially predictive value
for the CAM winter precipitation. Given tropical Atlantic
and Pacific SST patterns, for example, from operational
seasonal climate forecast, the CAM precipitation can be
predicted based on the relationship depicted by the SVD
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Fig. 6 Normalized SVD time series of winter JFM) SST (red bars) and precipitation (green bars) for a the first, b the second, and ¢ the third

modes from the 18-member ensemble mean data of the 1957-2015 AMIP simulations

Table 2 Same as Table 1, but for the three leading SVD modes of
winter (JFM) tropical Pacific/Atlantic SST and MCA precipitation
(Pr) based on 18-member ensemble mean JFM data of the 1957-2015
AMIP simulations

analysis. The proposed forecast method can be similar to
Wang et al. (1999) for the predictions of US precipitation.

The potential predictability of CAM winter precipita-
tion can be assessed by (a) reconstructing precipitation

SVDmode  Covariance Correlation ~ SSTvari-  Prvari-  apomalies based on the SVD SST time series with the
(%) ance (%) ance .. . .
%) target year removed from the training period, assuming
that a coupled global climate model can accurately predict
Mode 1 73 0.61 31 44 global SST, and (b) comparing the reconstructed precipi-
Mode 2 17 0.66 9 28 tation with observations. First, a regression coefficient is
Mode 3 6 0.73 8 9

obtained by regressing the observed JFM precipitation
against the SVD SST time series for each grid point in
CAM. A time series of precipitation is then constructed
by the regression coefficient multiplied by the value of the
SVD SST time series for each year.
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Fig. 7 Anomaly correlation between observed 1948-2015 JFM pre-
cipitation and reconstructed precipitation anomalies based on a SVD
mode 1 SST time series, b SVD mode 2 SST time series, and ¢ both

Figure 7 shows the anomaly correlation between the
observed precipitation and the constructed precipitation in
CAM based on the first two individual SVD SST time series,
as well as the two modes together. Considerable potential
predictability is found in northern Mexico associated with
the tropical Pacific SST (SVD mode 1, Fig. 7a) and in south-
ern Mexico and Central America associated with the tropi-
cal Atlantic SST (SVD mode 2, Fig. 7b). When combining
the two modes together (Fig. 7¢), the anomaly correlations
are above the 99% significance level over 75% of the CAM
region. The results thus suggest significant potential predict-
ability of CAM winter precipitation using the tropical SST
information.

4 Summary and discussion

The covariability between CAM winter precipitation and
tropical SST was objectively identified by the SVD analy-
sis. Both tropical Pacific and Atlantic SSTs show a con-
nection with the CAM precipitation variability. The first
SVD mode captures the ENSO-related precipitation and
ties droughts in northern Mexico to La Nifia SST. The
second mode connects droughts in Central America to
the warming of the tropical Atlantic SST, as well as the
warming in the tropical western Pacific and the tropical
Indian Ocean. Each SVD precipitation pattern is consistent
with the 500-hPa atmospheric circulation and low-level
wind anomalies associated with the SVD SST, indicat-
ing the atmospheric bridge linking CAM precipitation
and tropical SST. The SVD analysis shows 17% of CAM
precipitation variance is related to the Pacific SST and
15% related to the Atlantic SST, suggesting that both are
equally important in modulating CAM winter precipita-
tion. The SVD analysis indicates that droughts in Central
America in recent decades are related to the persistent
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mode 1 and mode 2 SST time series. Color (grey) shadings denote
the correlations greater (smaller) than 0.31, which are above (below)
the 99% significance level

warming of SST in the tropical Atlantic, western Pacific,
and Indian Ocean. The AMIP simulations driven by the
observed SST confirm that these precipitation anomalies
in the CAM region are the responses to the tropical SST at
the interannual and longer time scales. Therefore, tropical
SSTs provide a source of predictability for CAM winter
precipitation. Given a distribution of tropical SSTs, CAM
winter precipitation may be predicted based on its relation
to the SST identified by the SVD analysis.

The present work complements the previous studies on
the relationships between CAM precipitation and SSTs in
the adjacent tropical oceans (e.g., Enfield 1996; Enfield
and Alfaro 1999; Taylor et al. 2002) in two aspects. First,
the contributions of the tropical Pacific (17%) and Atlantic
(15%) to the CAM winter precipitation are objectively quan-
tified by the SVD analysis. Spatially, however, both show
distinctive regional influence. The tropical Pacific SST has
a broad influence across the CAM region (Fig. 2b). In con-
trast, the influence of tropical Atlantic SST is confined more
to the south (Fig. 2d), where winter precipitation displays
large mean values, as well as high interannual variability
(Fig. 1a, b).

Second, the influence of the tropical Atlantic SST on the
CAM precipitation projects more on the warming trend,
rather than the interannual variability of the Atlantic SST
found in the early observational studies (e.g., Enfield 1996;
Enfield and Alfaro 1999; Taylor et al. 2002). With the con-
tinuous warming in the tropical Atlantic in the twenty-first
century (Figs. 2c, 3b), it is reasonable to expect that the
influence of the warming trend in the Atlantic SST may
become predominant over the influence of the interannual
SST variability on the CAM precipitation. With the addi-
tional impact of the interannual variability of Atlantic SST
that has been identified in the previous studies, the tropical
Atlantic could be more influential than the tropical Pacific
in modulating CAM winter precipitation.
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Recent modeling studies of climate projections (e.g., Kar-
malkar et al. 2011; Rauscher et al. 2011; Fuentes-Franco
et al. 2015) based on the Coupled Model Intercomparison
Project (CMIP) simulations (Meehl et al. 2007; Taylor 2012)
have shown that under a future warmer climate, the warm-
ing of the tropical Atlantic could significantly reduce pre-
cipitation in CAM. The results in this study indicate that
the impact of global warming on the CAM precipitation
detected in the future climate projections is also found in
the observational record.

As CAM is characterized by monsoon precipitation which
peaks in summer, applying the same methodology to warm
season CAM precipitation will be a logical extension of this
work. Additionally, both changes in the ENSO characteris-
tics and intense warming of tropical oceans are projected to
occur in the coming decades (e.g., Stevenson 2012). How
these could affect CAM precipitation variability, and its rela-
tion to the adjacent oceans in the future is also an interesting
topic. Through a comparison of multi-model simulations for
the present-day climate and future projections, like Mari-
otti et al. (2015) did for the Mediterranean region using the
CMIP simulations, the contribution of ENSO and global
warming to CAM precipitation will be assessed in a subse-
quent study.
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