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_ Abstraﬁt
Two independent Atmospheric General Circulation Models reveal that the
positive (negative) phase of Aflantic multidecadal variability (AMV) can reduce
(amplify) the variance of the\shorter time scale (e.g., ENSO-related) precipitation
fluctuations in the U.SZ"especially in the Southwest, as well as decrease (increase) the
long-term seasonal mean precipitation for the cold season. The variance is modulated
due to changesin (1) dry day frequency and (2) maximum daily rainfall intensity.
With posifive AMV forcing, the upper level warming originating from the increased

precipitation over the tropical Atlantic Ocean changes the mean vertical thermal

~structure over the US continent to a profile less favorable for rain-inducing upward

motions. In addition, a northerly low-level dry advection associated with the local
overturning leaves less available column moisture for condensation and precipitation.

The opposite conditions occur during cold AMV periods.
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1. Introduction

Winter precipitation in the Southwest United States (SW-US) is of great
importance as it affects the soil moisture accumulation for vegetation and reservoir levels
for local agriculture to succeed into the following spring (Notaro et al., 2010). In the
desert lands in the Southwest United Sates (SW-US), a peak of low intensity rainfall
occurs in the cold season due to large-scale weather systems, while a peak of higher
intensity rainfall takes place in the warm season under the influences of convective
storms and the North American Monsoon. In the mountain area, precipitation is primarily
driven by orography, and is evenly distributed through the year. Typically, winter
precipitation in the SW-US is widespread, is of low to moderate intensity, and can persist
for a few days. Occasional cyclones travelling northward from the tropical Pacific can
deliver substantial and multi-day precipitation as well (Sheppard et al., 2002).

The severe precipitation deficit in the SW-US in recent decades has had seriously
adverse socioeconomic impacts (Howitt et al., 2014). The recent long-lasting drought in
SW-US has been attributed largely to the relative absence of strong EI Nifios during the
last two decades and an early expression of anthropogenic warming (Seager et al., 2015).
The strong EI Nifio event of 2015/2016 was expected to provide relief to the drought
stricken SW-US, but it failed. This motivated the examination of the sources of
uncertainty in the ENSO-SW-US precipitation relationship. Recent studies point to
random internal variability as having altered the typical circulation pattern associated
with El Nifio (Seager and Hoerling, 2014; Seager et al., 2015; Schubert et al., 2016).
Other influences, such as the Arctic sea ice anomaly (Sewall and Sloan, 2004), or the
state of the tropical Atlantic SST, could be relevant (Schubert et al., 2004; Kushnir et al.,

2010; Seager and Hoerling, 2014). Other studies alluded to the detailed structure of the
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SST anomalies, such as the amplitude and longitudinal position of the El Nifio/Southern
Oscillation (ENSO) Sea Surface Temperature (SST) anomalies, which have been
considered essential in determining the impact over the North American surface climate
(Guo et al., 2017; Jong et al. 2017).

Another aspect that may contribute to uncertainties in the ENSO-North American
climate teleconnection, particularly in terms of precipitation, is the slowly varying large-
scale environment due to decadal or longer time scale impacts from the oceans. The
process leading to continental precipitation is nonlinear, requiring an air parcel to be
lifted beyond the lifted condensation level; thus precipitation is linked to both upward
motion and available water vapor. It is therefore important to explore the decadal and
longer term variability of the background state and whether it may impact the
subseasonal to interannual precipitation variability associated with phenomena such as
the Madden-Julian Oscillation (MJO) and ENSO.

Atlantic Multidecadal Variability (AMV), which refers to the low-frequency
variation of basin-wide SST extending from the subpolar North Atlantic into the tropics
in what resembles a horseshoe pattern (Figure 1a), has been implicated as a possible
factor that can exert a long-term impact on precipitation variability in the continental US
(Enfield et al., 2001; Sutton and Hodson, 2005). Several previous studies have explored
the AMV modulation of the ENSO impact over North America (Enfield et al., 2001,
Rogers and Coleman, 2003; Mo et al., 2009; Hu and Feng, 20011; 2012). Based on a
coordinated modeling study, Mo et al. (2009) suggested that warm season precipitation
responds asymmetrically to ENSO under the influence of AMV, although there were
considerable model-to-model disagreements in the rainfall response to ENSO, which
could substantially interfere with the ensemble mean ENSO asymmetry associated with

AMV. In the Great Plains, the modeled precipitation contrast between El Nifio and La
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Nifa cases was amplified during a positive AMV during summer (Table 1 in Hu and
Feng, 2012). Thus, in these previous studies, the AMV appears as a modulator to the
continental precipitation response to any source of shorter-term climate variability,
particularly ENSO.

Although the mean impact of AMV on North American precipitation has been
widely recognized (e.g., Enfield et al., 2001; McCabe et al., 2004; Sutton and Hodson,
2005; Knight et al., 2006; Ting et al., 2009; Ting et al., 2011), the physical mechanisms
underlying its role in modulating precipitation responses to climate variations on shorter
time scales is not fully understood. We hypothesize that the long-lasting impact of AMV
on the background state can further influence the characteristics of the local precipitation
response to shorter-term disturbances over the continental U.S., including ENSO and
internal atmospheric variability. In order to identify how and where AMV exerts its
effects, we designed atmospheric general circulation model (AGCM) experiments forced
with the typical AMV SST pattern added and subtracted from the climatology. As our
focus is on the SW-US, where winter is the wettest season, we focus on the response
during that season. Furthermore, we investigate the general causes of the modulation on
short-term precipitation variability regardless of whether it is SST-forced or driven by
internal atmospheric variability.

This paper is organized as follows: in section 2 we introduce the data used in this
study and the design of the experiments, and in section 3 we explore the response
associated with different phases of AMV in observations and in the model experiments
with globally prescribed historical SST. Then in section 4 we discuss the impact driven

purely by the AMV SST anomalies. Final discussion and conclusions follow in section 5.

2. Data, Models and Method
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2.1 Model description

Two Atmospheric General Circulation Models (AGCMs), the National Center for
Atmospheric Research (NCAR) “Community Atmosphere Model” Version 5.3 (CAMDb)
and the Max Planck Institute for Meteorology “European Center Hamburg Model”
Version 5 (ECHAMD) are used in this study. CAMS5 is the atmospheric component of the
Community Earth System Model Version 1.2 (CESM, Neal et al., 2013). It uses a
Eulerian dynamical core with T42 spectral horizontal grid and 30 sigma-pressure hybrid
vertical levels. It is coupled to the Community Land Surface Model Version 4 (CLM4,
Oleson et al., 2013) and the Community Ice CodE Version 4 (CICE4, Bailey et al., 2012)
with prescribed sea ice concentration, following the F_2000_CAMS5 component set. More
detail can be found in Neale et al. (2013). The ECHAMS is a spectral model, truncated at
T42 horizontal resolution and vertically discretized at 19 sigma-pressure hybrid levels
(Simmons and Burridge, 1981). Land surface processes for temperature and moisture are
iterated interactively with the atmospheric model (Shulz, 2001). Sea surface temperature
and sea ice concentration are prescribed with the monthly observations. A complete
description of the model can be found in Roeckner et al (2003).
2.2 Model experiments

CAMS5-GOGA (Guo et al., 2017; Pomposi et al., 2017) is a 16-member ensemble
of the so-called Global Ocean Global Atmosphere (GOGA) experiment forced by
observed historical global, monthly SST anomalies. In this case, SST forcing data are
taken from the Hadley SST version 2 analysis (HadISSTv2, Titchner and Rayner, 2014),
spanning the years 1856 to 2014. Sea ice concentration varies with time according to the
historical record depicted in HadlSSTv2. Greenhouse gas concentrations are kept at the
year 2000 value and there is no time-varying external radiative forcing. The model

integration begins from 16 slightly different initial conditions to facilitate the generation
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of independent samples that reflect the free, internal atmospheric variability. A sixteen-
member ensemble GOGA experiment with the same boundary condition with CAM5-
GOGA is also conducted with ECHAMS (ECHAMS5-GOGA) for comparison and
assessment of the robustness of the results.

Idealized AMV experiments are conducted with the two GCMs, CAM5 and
ECHAMDS. Both models are integrated through 60 annual cycles with prescribed AMV
anomalies added to the SST climatology, which is the average seasonal cycle in the base
period of 1930-2000 from ERSSTv4 (Huang et al., 2015). We considered 2 opposite
AMYV phases confined within the North Atlantic: a positive phase (AMV+) and negative
phase (AMV-). A neutral case (CTRL) is also considered. The AMV SST pattern is
derived from the linear regression on the standardized AMV index defined by Ting et al.
(2009). To obtain a robust response to the AMV, the regression pattern is multiplied by a
factor of 2.5. The green line in Figure 1a outlines the domain of the whole North Atlantic
SST forcing. We also considered the impact of three regional sectors of the AMV: the
whole North Atlantic, extra-tropical North Atlantic north of 45°N and the tropical North
Atlantic south of 45°N. The list of all the experiments is provided in Table 1.

2.3 Observed Data

The SST data used for generating the AMV pattern in the North Atlantic is taken
from the Extended Reconstructed Sea Surface Temperature version 4 (ERSSTv4) dataset
(Huang et al, 2014) from year 1870 to 2013. The AMV index is obtained following Ting
et al. (2009 and 2011). First, the radiatively forced component is obtained by applying a
signal-to-noise-maximizing EOF (Allen and Smith, 1997) to the low-pass filtered global
SST of multi-model and multi-ensemble CMIP3 simulations. Then, linear regression of
the observed global SST onto the principal component of the leading forced mode is used

to remove the global warming footprint from the observed SST. After filtering out the
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forced component, the AMV index is obtained as the residual of the observed North
Atlantic basin-wide average. Finally, the observed SST pattern without the forced
component in the North Atlantic is obtained using linear regression onto the AMV index
(Fig. 1a). The typical SST pattern of AMV is anchored in the extratropical North Atlantic
and extends to the tropical North Atlantic and the Gulf of Mexico, with weaker SST
values in the subtropics. The temporal evolution of the AMV index is presented in
Fig.1b. Based on this time series, the years of top tercile AMV index and bottom tercile
AMV index are chosen for a composite analysis.

The monthly mean observed precipitation is obtained from University of East
Anglia Climate Research Unit TS3pl data (CRU TS3pl, Harris et al., 2014) for the
composite analysis conducted in the next section. The data spans from 1901 to 2009 with
1° by 1° horizontal resolution. In order to exclude the possible response to the radiative
forcing, the linear regression onto the leading forced mode in Ting et al (2009; 2011) is

removed from the raw data.

3. AMYV Impact in the historical record
3.1  Observed and historical SST-forced AMV Impact

Figure 2 shows the cold season (November-April) precipitation composite
anomalies over the continental U.S. associated with the two opposite AMV phases using
the century-long CRU TS3p1 data. The cold months chosen for this study are outside the
season of the North American Monsoon. The positive and negative years of AMV are
chosen from the upper and lower terciles according to the AMV index of Ting et al.
(2009) between 1930 and 2009. Statistical significance of the difference, at the 95%
level, is determined using a two-sided Student’s t-test. In the SW-US and Mexico, the

difference between the observed average cold-season precipitation during the years
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falling in the upper versus the lower tercile of the AMV index amounts up to 20% of the
long term seasonal means (Fig. 2a). The patterns in Fig. 2a are consistent with the
previous study based on observations such as Ting et al (2014, Fig.6a) in that they show
significant dryness with the positive AMV in the SW-US, the Great Plains and Mexico,
as well as significant wetness in the Pacific Northwest and Central Canada. Especially in
the SW-US and Mexico, the GOGA simulations from both models (Fig. 2b and c) capture
well the observed dryness during the positive AMV. However, the modeled precipitation
exhibits predominant dryness over the southern US, while the observed data does not
show such significant dryness in the central south area. This disagreement can possibly
be due to the internal variability of the modeled precipitation being suppressed by the
ensemble average. The influence of strong internal variability on precipitation anomalies
is commonly found in the modeling studies seeking SST-driven remote impacts
(Schubert et al., 2016), in which ensemble mean model simulations tend to show much
stronger and more spatially widespread association with the SST than does the
observation (Seager and Hoerling, 2014). Also, the topography of the Rocky Mountains
in the coarse resolution models could have overly simplified the spatial patterns. It is
notable that AMV-related contrasts in other regions, such as the dryness in the Great
Plains and the Eastern US, and the wetness in the Canadian Pacific Northwest, are
captured better with EAHCM5-GOGA, but we do not discuss further the model
differences, in order to focus on what the both models can capture in common.

In addition to time mean differences in precipitation, there is a notable contrast in
the variance of the anomalous monthly precipitation between the two AMYV phases (Figs.
2d and e). In particular, the variance of the monthly precipitation during the cold season
in the SW-US decreases significantly during the positive AMV phase in the same area

where the mean precipitation deficit occurs. The reduction in variance during AMV
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positive phase relative to the negative phase is also confirmed with the CAM5-GOGA
ensemble (Fig. 2d). This result suggests a role for the AMV as a modulator of the
monthly mean precipitation variability in the U.S., a phenomenon that has been given
little attention previously. It is worth mentioning that our results in the warmer months
(not shown) indicate a substantial increase of rainfall variance in the Great Plains with
positive AMV phase, which is consistent with previous studies (Mo et al., 2009; Hu and
Feng, 2012).

To investigate further the AMV-related changes in the SW-US precipitation
variability, the probability density function (pdf) for the model simulated monthly
precipitation averaged over the SW-US domain (outlined by the magenta box in Fig. 2d)
is shown in Fig. 3, with a summary of the statistics presented in Table 2. Aside from the
mean precipitation shift toward drier conditions in the region for positive AMV years
compared to neutral and negative years, Fig. 3 indicates that drier than normal months
occur more frequently, while wetter than normal months occur less frequently during
positive AMV years than neutral or negative AMV years. Also, the pdf during positive
AMV vyears exhibits a shorter right tail than during neutral or the negative AMV years,
meaning that positive extremes occur less frequently during positive AMV vyears than
negative AMV vyears. This contrast in the pdf is significant at the 95% level based on the
Kolmogorov-Smirnov test. In Table 2, the mean difference and the variance ratio with
respect to the observed precipitation are similar to those of the models, though not
significant due to an insufficient sample size of the data. The strong agreement among
the models and the observation in the changes in the AMV-related statistics indicates that
further model experiments are worthwhile.

Given the time varying global SST in both observations and the GOGA

experiments, it is difficult to determine whether the variance modulation associated with
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AMYV as seen in Figs. 2 and 3 results entirely from the AMV SST anomalies or from the
impact of SST in other ocean basins (Zhang and Delworth, 2006; Li et al., 2016; Roprich-
Robert et al., 2017), particularly the tropical Pacific. It is especially difficult if there are
inter-basin connections between the Atlantic and the tropical Pacific. For example, a
weak La Nifa-like condition was found to be associated with positive AMV (see Table 2),
which could result in the mean decrease of precipitation in the SW-US. Furthermore, the
variance of Nifio3.4 significantly decreases during positive AMV, in the same direction
as the precipitation variance in the SW-US (Table 2). Recent modeling studies have
suggested that a positive phase of AMV can generate a La Nifia-like pattern (Kang et al.,
2014; Rubric-Robert et al., 2017). In order to isolate the direct impact of AMV on SW-
US precipitation variability from the impact through its link with SST anomalies in other
ocean basins, we perform AGCM experiments with idealized AMV SST in the North

Atlantic and climatology elsewhere, which are presented in the next section.

4. AMV Impact in Idealized AGCM Experiments
4.1 Impact on precipitation
In order to separate the directly AMV-driven differences in the means and the
variances of precipitation in the US, we analyzed the experiments forced with idealized
AMV-related SST anomalies in the North Atlantic domain only. In addition to the
NCAR CAMS5, the ECHAMS is used as well for more robust results. The prescribed
AMYV SST anomaly amplitude and spatial pattern are shown in Fig. 1la in both positive
(AMV+, as shown) and negative (AMV-, obtained by multiplying the field by -1) phases.
Taking the difference between AMV+ and AMV-, both models show a significant
precipitation deficit in the SW-US region during the cold season (Fig. 4 a, b). ECHAMS5

agrees well with CAMS5 overall, except that the strength of the dryness is more severe in

10
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ECHAMS, particularly in the western US. There are some notable disagreements with
the AMV composite differences based on the CAM5-GOGA experiments (Fig. 2),
possibly due to absence of historical ENSO events in the idealized experiments. The
general agreement between the two independent AGCMs implies that the mean change in
precipitation associated with the AMV phases in GOGA and in the observations can be
driven directly by the AMV SST anomalies. In spite of the 2.5 amplification of SST
forcing in the North Atlantic, the magnitude of the mean shift in SW-US in this idealized
setup is less than the linearly proportional response to the forcing magnitude except in
Baja California and Central Mexico.

Accompanied by the decreased mean precipitation associated with AMV+, a
reduction in the monthly precipitation variance is found in the SW-US, Texas/Mexico
and the central US in both AGCMs with positive AMV SST as compared to negative
AMV SST (Figs. 4c, d). The precipitation variance with AMV+ forcing can fall to about
50% of the precipitation variance with AMV- in some regions. There is an overall
agreement between the two models in the variance reduction regions, although the
variance reduction in ECHAMS tends to be stronger and more widespread than that in
CAMS.

The monthly precipitation probability distribution in the SW-US simulated in the
fixed AMV SST experiments (Fig. 5) also agrees well with that in the GOGA
experiments (Fig. 3) with both models. This agreement indicates an overall probability
shift toward the drier end in monthly mean precipitation for the AMV+ experiment, and a
shift toward the wetter end in the AMV- experiment. The agreement between idealized
AMYV runs and the GOGA experiments implies that the difference between AMV phases
from GOGA simulations with both models and observations is largely due to the direct

influence from the AMV SST anomalies. In the idealized runs, monthly variability is due

11
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to internal atmospheric processes, while in the GOGA runs it comes from both internal
atmospheric variability and SST variability in the other ocean basins, including that
associated with ENSO.

To determine if the reduction in monthly precipitation variance is also detectable
on a shorter time scale, such as daily variability, Fig. 6 presents the daily precipitation
characteristics in terms of daily rainfall intensity and dry day occurrences. Figures 6a,b
present the monthly mean difference between AMV+ and AMV- of the maximum daily
rainfall intensity. The long term mean climatology of the maximum daily rainfall and dry
day occurrences from the control run is also shown in Fig. 6 as contours. The mean
maximum daily rainfall intensity can range between 8 to 12 mm/day for the SW-US
region. There can be substantial reduction in the maximum daily rainfall intensity during
AMV+ as compared to AMV-, by 3mm/day or more with ECHAMS5 especially, which is
one third or more of the long term mean value. Meanwhile, the number of dry days per
month (number of days with less than 0.2 mm/day of precipitation) shows only a modest
increase for AMV+ compared to the control AMV (Fig.6 c, d). Moreover, the region of
prominent differences in these daily statistics coincides well with the areas where the
monthly variance change is significant. Since suppression of extreme daily rainfall and
increasing dry day occurrences can both contribute to reduced precipitation variability on
daily time scales, this further indicates that the AMV-driven variance modulation can
occur across multiple time scales. A practical inference drawn from this finding is that it
is possible for AMV phases to be used as one of the predictors for seasonal probability
forecasts for extreme precipitation events and persistent droughts in the SW-US.

4.2  AMV Impact on the atmospheric circulation
We further examine the circulation features forced by the prescribed AMV SST

anomalies by presenting, in Fig. 7, the 200 hPa geopotential height (top panels) and the

12
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sea level pressure anomalies (lower panels) from both AGCMs for composite differences
between AMV positive and negative phases. The precipitation differences between the
two AMV phases are also shown as color shading in Fig. 7. Not surprisingly, there is
strongly enhanced precipitation in the tropical Atlantic associated with positive AMV,
particularly in the western tropical Atlantic and the Intra-American Seas (IAS) region,
which also extends eastward to western Africa. In the North Atlantic, the subtropical
anticyclone is weaker in the AMV+ case than in the AMV- one (Fig. 7 ¢, d). This
difference is consistent with reduced subsidence, or increased precipitation, over the
subtropical Atlantic during positive AMV compared to negative AMV. Along with
enhanced convection in the tropical North Atlantic, there is suppressed convection in the
equatorial Pacific and a weakening of the Aleutian Low (Fig.7 c, d). The upper
tropospheric responses over the Pacific and North America are remarkably similar to the
negative Pacific-North American (PNA, Barnston and Livezey, 1987) pattern, with an
anticyclone over the Gulf of Alaska, a low over Canada, and another anticyclone across
southern North America (Fig. 7a, b). The negative PNA response is consistent with the
atmospheric response to a La Nifia event, thus suggesting that the suppressed convection
in the tropical Pacific due to positive AMV may be responsible for the circulation
responses in Fig. 7. In Kushnir et al. (2010), it has been shown that a tropical North
Atlantic warm SST anomaly can generate negative PNA pattern without La Nifia-like
SST in the tropical Pacific through a shift in the Walker circulation. This was supported
by their AGCM experiments with prescribed time varying historical SST in the tropical
North Atlantic. Also, Ruprich-Robert et al. (2017) agreed with Kushnir (2010) using
coupled model experiments with the AMV SST restored to the observed values in the

Atlantic basin.
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With the same AMV SST forcing, ECHAMS exhibits slightly stronger convection
anomalies in the tropical Pacific domain than does CAMS5 (Fig.7 b, d). However, the
patterns of atmospheric circulation anomalies are remarkably similar in both models,
which strongly suggests that these responses are robust. Additional experiments with only
the tropical or the extratropical AMV SST reveal that the AMV tropical forcing alone is
almost entirely responsible for the circulation and precipitation responses (not shown),
again consistent with previous studies using an AGCM with sectorial historical AMV
SST anomalies (Kushnir et al., 2010).

4.3  AMV impact on moisture budget

As shown in section 4.1, the AMV-related changes in SST can significantly
modify both the mean and the variance of the cold season precipitation in the SW-US. At
the same time, there are significant changes in the atmospheric circulation associated
with the AMV SST anomalies, as shown in section 4.2. Here, we explore moisture
budget in both AGCMs to identify the dominant processes contributing to the
precipitation variability in the SW-US and how these processes are affected by AMV.
The vertically integrated moisture budget equation implies that precipitation (P) is
balanced by the vertically integrated moisture convergence (MC) and moisture

evaporated at the surface (E), as well as atmospheric moisture storage; i.e.:

P ! psv (uq)dp+E 1 o™ dp + (D
—_ — — . u — — — E
gpw Jy vep gpw 0t J, a9p

where q denotes specific humidity and 1 the horizontal wind at each of the vertical levels.
The error term (¢) is mainly due to the off-line vertical integration and other numerical
rounding errors and also likely due to errors incurred by neglecting terms associated with
the tendency and convergence of condensed water not precipitated out of the column

(Peixoto and Oort, 1992). We first investigate the monthly mean precipitation variability
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during the cold season in the SW-US region and its relation to the various terms in the
moisture budget equation (Eg. 1) using the control experiment (CTRL). We find that the
anomalous moisture convergence is the dominant term in the moisture budget equation
(1), explaining 90%~100% of P over much of the continental US area and about 80% of
P variability in the SW-US, based on the linear regression relation between P and the
right side terms of Eq.1 (Table 3). Thus we will focus mainly on the moisture
convergence (MC) term in the rest of the paper. We seek the cause of the monthly
precipitation anomalies in the SW-US between the two relevant subcomponents of MC

anomalies as shown below:

Psc

1 Dsc N 1 .
ME'© =~ [V @ @adp - - [V (T @)dp + HOTR) (@)

where subscript ¢ indicates the long term mean, and prime the monthly deviation from
the long term climatology. The first two terms in Eq. (2) represent the MC due to
anomalous circulation and that due to anomalous column moisture, respectively, and the
last term indicates the higher order nonlinear interaction term. The separation of the first
two terms is not ideal, as circulation and moisture anomalies are not strictly separable.
However, it provides a framework for determining the contribution to monthly
precipitation variation from moisture versus circulation fluctuations. In Figure 8, we
present maps of correlation coefficient of the subcomponent MCs with the precipitation
anomalies of the boxed area in the SW-US using the CTRL experiment. Also presented
in this figure is the moisture flux due to anomalous winds. Figure 8 shows that
precipitation in the SW-US is associated with moisture flux from both the subtropical
Pacific and the Gulf of Mexico, but dominated by that from the subtropical Pacific. The
dominant moisture flux tends to be associated with an anomalous low center located at

the west coast of the US causing moisture flux anomalies to converge in the SW-US and
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diverge near the Pacific Northwest. The MC term associated with mass circulation
(shading) is positively correlated with precipitation while that due to anomalous moisture
(contours) is negatively correlated with precipitation, with the total dominated by the
former.

The moisture budget equations (1) and (2) above can be applied to understand the
balance among the moisture terms with the changes of AMV phases using climatological
means of gc and uc from CTRL as the long term mean and deviation of AMV+ and
AMV- from CTRL as the primed variables. The relation between the precipitation change
and the moisture convergence terms with respect to the difference between AMV+ and
AMV- are shown in Fig. 9 for the two AGCMs. The relatively widespread drying
condition during AMV+ over the southern U.S. and northern Mexico is largely a
combination of the two MC terms, with the coastal regions dominated by the circulation-
related MC and the Plains due to changes in moisture content. Consistent with Fig. 8, the
drying over SW-US is dominated by circulation changes (Fig. 9c,d), which in this case, is
associated with northerly flow along the west coast due to the anticyclone anomaly
centered in the Gulf of Alaska (Fig. 7). The cyclonic anomalies over the Atlantic as
shown in Fig. 7 largely contribute to the drying along the east coast regions where the
flow is northerly or northwesterly, which fluxes low mean moisture into the region. The
circulation related changes in moisture convergence (Fig. 9c, d) is also consistent with
the suppressed vertical motion shown in Fig. 10a, b. The MC term involving moisture
content change (Fig. 9 e,f), on the other hand, is determined by both the specific humidity
difference between AMV positive and negative phases, and the climatological mass
divergence (Fig. 10 a, b). Due to the decrease in specific humidity across the domain of
interests (Fig. 10c, d), there would be reduced moisture convergence where the mean

mass flow converges, while there would be increased moisture convergence where the

16



398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

mean mass flow diverges. This is more clearly shown in Fig. 9f for the ECHAMS5 model
with an east-west dipole over the southern part of U.S. Both models show that transient
eddies are important in the east coast of the US but less so in the Southwest (Fig. 9g, h).
Due to data availability, the error (&) with ECHAMS is not separable from the MC by
transients. To determine why the monthly precipitation variance is suppressed in AMV+
as compared to AMV-, we compare the variance of the relevant terms between the two
AMV phases in the moisture budget. We first construct the monthly time series of the

moisture convergence terms. These include steady monthly mean moisture convergence
(MCuq(t) = —ﬁfv-u(t)q(t)dp), where the bar represents monthly mean, the
moisture convergence due to monthly variations of the wind component (MC,(t) =

—ﬁfv ~u(t) q.dp), where the subscript ¢ means long term mean, and the moisture
convergence due to monthly variations of the moisture content (MC,(t) = —g%fv-

u, q(t)dp) , for the two AMV phases. For this calculation, the long-term monthly mean
of the wind or specific humidity are obtained from the corresponding AMV experiments.
Once we obtain the monthly time series for these moisture convergences at each grid
point, the variance and variance ratio between AMV+ and AMV- can be calculated. The
contribution from submonthly time scale eddies is derived as a residual for each month
between P-E and MCyq.

Figure 11 shows the variance ratio of the various moisture budget terms,
including P — E, E, total monthly mean and submonthly transient moisture convergences
for ECHAMS only. The pattern with CAM5 broadly agrees with these plots with a
somewhat weaker signal and less statistical significance (not shown). Compared to the

precipitation variance ratio in Fig. 4c,d, it is clear that there is a similar reduction in
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variance for AMV positive phase in precipitation minus evaporation (Fig. 11a), while the
difference in variance between AMV+ and AMV- in evaporation is relatively small. The
P — E variance ratio is largely explained by the monthly mean moisture convergence term
(Fig. 11c), with non-negligible contribution from the transient component (Fig. 11d).
Note that the variance and variance ratio calculations here are not linear, thus one cannot
add Fig. 11c and 11d to get the total in Fig. 11a. One can infer from this separation,
however, that the precipitation variance is suppressed in AMV+ compared with AMV-
due to suppressed variance in both the monthly mean and submonthly transient moisture
convergences, consistent with Figs. 5 and 6. The reduction in monthly mean moisture
convergence variance in AMV+ seems to be dominated by the dynamic MC term, i.e., the
moisture convergence due to circulation variations (MCy, Fig. 11e), with little
contribution from the term involving monthly mean variations of q (Fig. 11f). The
dynamic moisture convergence variations will display a small range of variability if the
column moisture content (gc) is reduced or if vertical movement of the air masses
becomes less active (reduced mass convergence or vertical motion). During the positive
AMV phase, precipitation amounts vary less, partly because there is suppressed vertical
motion (Fig. 10b) and partly because there is overall lower column moisture content to be
condensed into rain when there is low level mass convergence (Fig. 10d). These two
processes combine to reduce the AMV+ variance in precipitation and MC as compared to
AMV-. In forming such variance ratio of MCy the relative importance between these two
factors, column moisture content change and modulated vertical motion variability, can
be further assessed by the ratio of squared mean column moisture and the variance ratio
of vertical motion (Fig. 11g and h). From these estimates, it is shown that the shift in
mean column moisture content plays a more important role in modulating MC variance

for ECHAMDb, whereas the modulated upward motion variability plays an equally
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important role for CAMS5 (not shown). Additional analyses to further define the relative
importance of the background column moisture versus the upward motion variability are
not pursued, as it is highly dependent on the individual choice of the model physics
schemes.

In Figure 12, we examine the ambient physical conditions, which can possibly be
associated with suppressed vertical motion and reduced low-level moisture in AMV+
compared to AMV-. These conditions are shown in longitude — pressure cross sections
averaged over the latitudes from 20°N to 40°N, for temperature and vertical motion in the
top panels, and specific humidity and meridional wind in the lower panels, for the
longitude band from eastern Pacific coast to the Atlantic. When AMV is in its positive
phase, more moisture evaporates due to a warmer ocean surface in the Gulf of Mexico
and the tropical Atlantic (Fig. 12 c, d). The increased moisture rises with convection and
turns into precipitation aloft as shown in Fig. 7; thus more latent heat is released at the
upper level. In the mean time, the upper level anti-cyclonic circulation anomaly
redistributes the heating towards the US from the tropical Atlantic and forms a
geostrophic balance with the upper level height gradient associated with the warming
(Fig. 7 a, b; Fig. 12a, b). ECHAMS5 generates stronger upper level warming (Fig. 12b)
than CAMS (Fig. 12a), as it produces more precipitation than CAMS5 over the tropical
Atlantic (Fig.7 a, b). The upper tropospheric warming increases the static stability, which,
we suspect, suppresses vertical motion over the North American land region. On the
other hand, we believe that the northerly flow along the west coast of US (Fig. 12 c, d)
can be associated with lower specific humidity over a large part of the US in the lower
troposphere. Both of these processes suggest reduction in the mean and the short-term

variability of precipitation over the land region, particularly over the SW-US.
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5. Summary and Discussion

In this study, we have examined the influence of the AMV on precipitation
characteristics in the SW-US, in particular its modulation of shorter-term variability. In
order to separate the AMV-driven effects, we first showed the contrast in cold season
mean precipitation and the monthly variance between the two opposite AMV phases in
the observed precipitation record. Then, using atmospheric general circulation model
experiments with prescribed global observed historical SST using the CAMS5 and
ECHAMDS models, we show that the precipitation contrasts associated with AMV, which
we detected in the observations, can be simulated with the (prescribed) global historical
SST conditions. Moreover, two idealized experiments with two different AGCMs, in
which prescribed positive and negative AMV SST anomaly patterns were confined to
only the North Atlantic, confirmed that the precipitation variance in the continental US
could be significantly affected by the AMV-related SST anomalies.

The atmospheric circulation responses to AMV forcing are very similar between
the two independent GCMs, consisting of a negative Pacific/North American pattern with
an anticyclone over the Gulf of Alaska, a cyclone in Northern Canada, and another
anticyclone in the southern part of North America. The reduction in storm activity and
the reduced moisture divergence due to mean flow divergence appear to be connected
with the mean reduction in precipitation during the AMV positive phase. The source of
the model-dependence in the spatial pattern and magnitude of the precipitation variance
change seems to be the model-dependent physics schemes, as the circulation anomaly
patterns from two models strikingly resemble each other. The moisture budget analysis
suggests in further detail that the rainfall variance reduction with AMV+ can be
explained by moisture convergence due to reduced variability in mass circulation. In

addition, the reduction in the background moisture with AMV+ reinforces the
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precipitation variance reduction. However, the relative roles of these two factors in
generating such variance reduction with AMV+ are quite different between the two
models. With ECHAMDS, reduction of background moisture plays a more important role,
whereas the both play equally important roles with CAMS5. The model dependence is
detected in each model’s preference in rainfall types. As we separate the precipitation
into large-scale and convective components, we find out that large-scale precipitation,
which is related to the column humidity, dominates ECHAMDS precipitation (comprises
more than 80% of the total monthly rainfall) in the SW-US, whereas convective
precipitation due to local updraft is also remarkably important for CAM5 precipitation
(about 40% of total precipitation) in the SW-US.

We propose the following plausible mechanisms for the reduction in both the
mean precipitation and monthly precipitation variance during AMV+ as compared to
AMV-. During the AMV positive phase, warmer SST in the tropical Atlantic shifts the
ITCZ northward and enhances convection in the tropical North Atlantic and the IAS,
which then warms the tropical upper troposphere locally and also extends to the North
American continents. The enhanced upper tropospheric warming in turn leads to
enhanced static stability and reduces vertical motion over the continental U.S. The
suppression of vertical motion not only causes the mean drying, but also reduces
precipitation variability. The Southwestern US is further impacted by the anticyclone
centered over the Gulf of Alaska and a generally La Nifia-like circulation response that
favors northerly flow along the west coast, which advects drier air from the north.

The remarkable similarity between the two models in generating a La Nifia-like
circulation response over the Pacific and North American region during the AMV
positive phase is worth further study. This has been shown before using a slightly

different model setting (Kushnir et al., 2010) and using a coupled model with restoring
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AMYV SST (Ruprich-Robert et al., 2017). Further diagnostics using a simple linear model
may be helpful, as shown in Kushnir et al. (2010).

This study is the first attempt to test the hypothesis that there is a direct AMV-
driven modulation of precipitation variability in the continental US. This study does not
provide a quantitative assessment of the observed differences between the opposite AMV
phases and whether these are directly AMV-driven. The monthly precipitation variance in
the idealized AMV experiments is due to the random weather perturbation,
preconditioned on the permanent AMV-SST forcing in the North Atlantic. We have not
investigated if ENSO strength or the strength of its impact over the continental US is
modulated by AMV. Kang et al. (2014) and others have shown, using coupled GCM
experiments, indications of AMV modulation of ENSO itself. To be able to
quantitatively separate the observed variance ratio between indirect and direct influences
of AMV on ENSO, we need a new set of experiments with historical SST anomalies as in
Kushnir et al. (2010).
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List of Figures

Figure 1 (a) SST anomaly pattern in the North Atlantic prescribed in the idealized

experiments. It is made from linear regression coefficients, multiplied by the
factor 2.5, with the standardized AMV index by Ting et al (2009)-shown in (b).
The negative phase is represented by the same anomalies multiplied by -1. The
enclosed area in green indicates the location where SST anomalies are prescribed
for the idealized experiments. The upper tercile and lower tercile values of the
AMV index are marked by the blue horizontal lines in panel (b), which define
the years filled in green shading that represent the AMV+ and AMV- years for

the composite analysis.

Figure 2 (a) Observed composite difference of precipitation between AMV+ and AMV-

years, in percent, with respect to the long-term mean climatology (data from
CRU3.1 high-res, Jones et al., 2008) (b) the same for precipitation from the
CAMS5-GOGA and (¢) ECHAM5-GOGA simulations. Overlaid in gray contours
is the climatological cold season (November-April) mean precipitation.
Stippling indicates area where the difference is significant at the two-sided 95%
level according to a Student t-test. (d) Ratio of the monthly precipitation
variance for the AMV+ years to that for the AMV- years in the cold season with
CRU3.1 observations and (e) that with CAM5-GOGA and (f) ECHAM5-GOGA.
Stippled are the areas significant at 90% level based on a parametric F-test. The
SW-US in this study is defined in the magenta box. CRU3.1 and CAM5-GOGA

are based on 1901 to 2009, but ECHAMS5-GOGA is based on 1930 to 2013.

Figure 3 (a) Probability density function (PDF) of cold season monthly precipitation in the

SW-US for the AMV+ years (red), the AMV- years (green) and neutral years
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(black) from 16 individual CAM5-GOGA simulations. For each AMV phase,
two parameters for gamma distribution are estimated using the monthly mean
precipitation from all the ensemble members. The vertical line in each color
indicates the mean precipitation corresponding to the curve of the same color.
(b) same as (a) except for 16 member ensemble ECHAM5-GOGA. The PDF of
CRU precipitation observations in the SW-US is overlaid. Magenta indicates

AMV+ years and cyan indicates AMV- years.

Figure 4 (a) Mean difference between AMV+ and AMV- in percent with respect to the

long-term cold season climatology in the idealized experiments with (a) CAM5
and (b) ECHAMS. Stippling indicates area significant at the 95% according to a
Student’s t-test. (c) Ratio of monthly precipitation variance in cold months in
AMV+ to that in AMV- with CAM5 and (d) ECHAMDS experiments. Stippling
indicates areas significant at 90% according to an F-test. The magenta box

defines the SW-US area in this study.

Figure 5. Same as Fig. 3, except for AMV+ (red), AMV- (green), and CTRL (black)

experiments with (a) CAM5 and (b) ECHAMS.

Figure 6 Mean difference between AMV+ and AMV- in the monthly maximum of daily

rainfall with (a) CAM5 and (b) ECHAMDS, and in the monthly number of dry
days with (¢) CAMS5 and (d) ECHAMS. Stippled at 95% significance with a
Student’s t-test. Contours indicate climatological mean from CTRL. The

magenta box indicates the SW-US area.
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708 Figure 7 Global composite differences between AMV+ and AMV- experiments. (a)(b) the
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727

728
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732

geopotential height at 200mb (CI=20m) in cold season with CAM5 and
ECHAMDS, respectively. Colored in magenta if significant at 95% with a
Student’s t-test. Thinker line indicates zero, solid line positive and dashed line
indicate negative anomalies. (c)(d) Same as (a)(b) except for sea level pressure

(C1=1.25hPa). Overlaid with the precipitation difference as in Fig 4a, b.

Figure 8 Correlation coefficients with SW-US precipitation anomalies (averaged in the

box) of the MCy (shown in colored shading) and the MCq (black line contours,
solid for positive, dashed for negative and thicker zero line, CI=0.1) , overlaid
with vertically integrated moisture flux due to anomalous mass circulation (green

arrows) from CTRL experiments with (a) CAMS5 and (b) ECHAMS.

Figure 9 Difference between AMV+ and AMV- for (a)(b) precipitation overlaid with the

moisture flux vectors (c)(d) moisture convergence (MC) due to difference in
mass circulation, (e)(f) MC due to difference in column moisture content, (g)(h)
error (¢ in Eq. 1) and MC by transient eddies, overlaid with the corresponding
subcomponent moisture flux vectors with CAM5 and ECHAMDS, respectively.
Stippling indicates the area significant at 95% according to a Student’s t-test.
The moisture flux vectors are based on the monthly product. Magenta box

indicates the SW-US area.

Figure 10 Difference between AMV+ and AMV- for (a)(b) cold season vertical pressure

velocity (positive upward) at 500 hPa with the climatological mean from CTRL

overlaid in green contours with CAM5 and ECHAMDS, respectively, (c)(d) same
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as (a)(b) except for specific humidity at 700mb. Dashed lines indicate negative
values, solid lines positive and thicker lines are zero contour lines. Contour
interval for the climatological values is 10hPa/day for pressure velocity, and 0.8
g/kg for specific humidity. Stippled if the mean difference between AMV+ and

AMV:- is significant at 95%.

Figurell Variance ratio of AMV+ to AMV- for (a) Precipitation minus Evaporation, (b)

Evaporation, (c) monthly moisture convergence (MC), (d) MC due to transient
eddies, (e) monthly MC due to mass circulation anomalies, (f) monthly MC due
to column moisture anomalies and (g) pressure velocity, all with ECHAMDS.
Stippling indicates significant at 90% according to an F-test. (h) ratio of mean
column moisture content squared. Stippled if the mean difference between
AMV+ and AMV- is significant at 95%. Magenta box indicates the SW-US

area.

Figure 12 Pressure-Longitude plane cross-section averaged between 20°N and 40°N for

difference between AMV+ and AMV- experiments in temperature, shown by
shading, and upward vertical pressure velocity contoured in black (hPa/s,
ClI=0.4) with (a) CAM5 and (b) ECHAMS. (c)(d) Same as (a)(b) except for
specific humidity in shading and meridional wind velocity contoured in black
(m/s, CI=0.4). Stippling indicates the difference is significant at 95% with
Student’s t-test. Two green vertical lines indicate the longitude range covering

the SW-US area.
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757

758

759

760

CAM5 ECHAMS
16 ensemble 16 ensemble
GOGA
1856-2016 1930-2013
AMV+
CTRL 60 annual cycles 60 annual cycles
AMV-

Table 1 List of the AGCM experiments used in this study.
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761

762

763

764

765

766

767

768

769

770

771

772

AMV mean diff AMV variance ratio
SW prec Nino34 SW prec Nino34
OBS -0.11 -0.04
0.77 0.71
Nov-Apr mm/day degC
CAM5-GOGA -0.17
0.73
Nov-Apr mm/day
ECHAMb5-GOGA -0.14
0.78
Nov-Apr mm/day

Table 2 Mean and monthly variance from area averaged precipitation in the
Southwest US (magenta box in Fig. 2) and Nifio34 SST. All the variables
are detrended. For CAM5-GOGA, all 16 ensemble simulations were
individually included. AMV positive and negative periods are based on
the upper and lower terciles of AMV amplitude calculated by Ting et al
(2009). The mean differences are presented in bold for significance at 95%
with Student’s t-test, and the monthly variance ratios are presented in bold

if the variances are different at 90% significance with f-test.
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773

774

775

776

777

778

779

780

SW PNW GP SE
CAMS 0.84+0.044 | 095:0.021 | 1.0040.046 | 1.1620.070
(0.85) (0.96) (0.87) (0.82)
0.82:0018 | 0.89+0.014 | 0.89:0019 | 0.84+0.021
ECHAMS (0.97) (0.98) (0.97) (0.95)

Table 3 Linear regression coefficients of a linear model of precipitation anomalies

(P, left hand side of the Eq.1) using anomalous moisture convergence as the only

independent variable (MC, the first term in the right hand side of the Eq.1) presented with

the 95% confidence intervals. Correlation coefficients are presented in the parentheses.

SW stands for the Southwest US (100°W-120°W, 20°N-40°N), PNW for the Pacific

Northwest (110°W-120°W, 40°N-50°N), GP for the Great Plains (95°W-105°W, 35°N-

50°N), and SE for the Southeast US (95°W-78°W, 25°N-35°N). Based on CTRL

experiments.
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Figure 2 (a) Observed composite difference of precipitation between AMV+ and AMV- years, in

percent, with respect to the long-term mean climatology (data from CRU3.1 high-res,
Jones et al., 2008) (b) the same for precipitation from the CAMS-GOGA and (c)
ECHAMS-GOGA simulations. Overlaid in gray contours is the climatological cold
season (November-April) mean precipitation.  Stippling indicates area where the
difference is significant at the two-sided 95% level according to a Student t-test. (d)
Ratio of the monthly precipitation variance for the AMV+ years to that for the AMV-
years in the cold season with CRU3.1 observations and (e) that with CAMS5-GOGA and
() ECHAMS-GOGA. Stippled are the areas significant at 90% level based on a
parametric F-test. The SW-US in this study is defined in the magenta box. CRU3.1 and
CAMS-GOGA are based on 1901 to 2009, but ECHAMS-GOGA is based on 1930 to
2013.

30W



Fig3

SW-US cold

M9nthly Prep (CAMS—GOGA)

Click here to download Rendered Figure Figure3.pdf

Monthly Prec (ECHAM5-GOGA)

40

351

301

CRU pdf (%)
- - N N
=) o =) a

o
T

o

Figure 3 (a) Probability density function (PDF) of cold season monthly precipitation in
the SW-US for the AMV+ years (red), the AMV- years (green) and neutral
years (black) from 16 individual CAMS5-GOGA simulations. For each AMV
phase, two parameters for gamma distribution are estimated using the monthly
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Figure 4 (a) Mean difference between AMV+ and AMV- in percent with respect to the long-

term cold season climatology in the idealized experiments with (a) CAMS and (b)
ECHAMS. Stippling indicates area significant at the 95% according to a Student’s t-
test. (¢) Ratio of monthly precipitation variance in cold months in AMV+ to that in
AMV- with CAMS and (d) ECHAMS experiments. Stippling indicates areas
significant at 90% according to an F-test. The magenta box defines the SW-US area
in this study.
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Figure 6 Mean difference between AMV+ and AMV- in the monthly maximum of
daily rainfall with (a) CAMS5 and (b) ECHAMS, and in the monthly number
of dry days with (c) CAMS and (d) ECHAMS. Stippled at 95% significance
with a Student’s t-test. Contours indicate climatological mean from CTRL.
The magenta box indicates the SW-US area.
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Figure 8 Correlation coefficients with SW-US precipitation anomalies (averaged in the
box) of the MC, (shown in colored shading) and the MC, (black line
contours, solid for positive, dashed for negative and thicker zero line,
CI=0.1) , overlaid with vertically integrated moisture flux due to anomalous
mass circulation (green arrows) from CTRL experiments with (a) CAMS and
(b) ECHAMS.
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Figure 9 Difference between AMV+ and AMV- for (a)(b) precipitation overlaid with the
moisture flux vectors (¢)(d) moisture convergence (MC) due to difference in mass
circulation, (e)(f) MC due to difference in column moisture content, (g)(h) error (¢ in
Eq. 1) and MC by transient eddies, overlaid with the corresponding subcomponent
moisture flux vectors with CAMS and ECHAMS, respectively. Stippling indicates the
area significant at 95% according to a Student’s t-test. The moisture flux vectors are
based on the monthly product. Magenta box indicates the SW-US area.
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Figure 10 Difference between AMV+ and AMV- for (a)(b) cold season vertical
pressure velocity (positive upward) at 500 hPa with the climatological mean
from CTRL overlaid in green contours with CAMS and ECHAMS,
respectively, (c)(d) same as (a)(b) except for specific humidity at 700mb.
Dashed lines indicate negative values, solid lines positive and thicker lines are
zero contour lines. Contour interval for the climatological values is
10hPa/day for pressure velocity, and 0.8 g/kg for specific humidity. Stippled
if the mean difference between AMV+ and AMV- is significant at 95%.
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Figurell Variance ratio of AMV+ to AMV- for (a) Precipitation minus Evaporation,
(b) Evaporation, (c) monthly moisture convergence (MC), (d) MC due to
transient eddies, (¢) monthly MC due to mass circulation anomalies, (f)
monthly MC due to column moisture anomalies and (g) pressure velocity, all
with ECHAMS. Stippling indicates significant at 90% according to an F-test.
(h) ratio of mean column moisture content squared. Stippled if the mean
difference between AMV+ and AMV- is significant at 95%. Magenta box
indicates the SW-US area.
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Figure 12 Pressure-Longitude plane cross-section averaged between 20°N and 40°N for
difference between AMV+ and AMV- experiments in temperature, shown by
shading, and upward vertical pressure velocity contoured in black (hPa/s,
CI=0.4) with (a) CAMS and (b) ECHAMS. (c)(d) Same as (a)(b) except for
specific humidity in shading and meridional wind velocity contoured in black
(m/s, CI=0.4). Stippling indicates the difference is significant at 95% with
Student’s t-test. Two green vertical lines indicate the longitude range
covering the SW-US area.
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