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Abstract 12 

Two independent Atmospheric General Circulation Models reveal that the 13 

positive (negative) phase of Atlantic multidecadal variability (AMV) can reduce 14 

(amplify) the variance of the shorter time scale (e.g., ENSO-related) precipitation 15 

fluctuations in the U.S., especially in the Southwest, as well as decrease (increase) the 16 

long-term seasonal mean precipitation for the cold season. The variance is modulated 17 

due to changes in (1) dry day frequency and (2) maximum daily rainfall intensity. 18 

With positive AMV forcing, the upper level warming originating from the increased 19 

precipitation over the tropical Atlantic Ocean changes the mean vertical thermal 20 

structure over the US continent to a profile less favorable for rain-inducing upward 21 

motions. In addition, a northerly low-level dry advection associated with the local 22 

overturning leaves less available column moisture for condensation and precipitation. 23 

The opposite conditions occur during cold AMV periods.  24 
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 26 

1. Introduction 27 

Winter precipitation in the Southwest United States (SW-US) is of great 28 

importance as it affects the soil moisture accumulation for vegetation and reservoir levels 29 

for local agriculture to succeed into the following spring (Notaro et al., 2010).  In the 30 

desert lands in the Southwest United Sates (SW-US), a peak of low intensity rainfall 31 

occurs in the cold season due to large-scale weather systems, while a peak of higher 32 

intensity rainfall takes place in the warm season under the influences of convective 33 

storms and the North American Monsoon. In the mountain area, precipitation is primarily 34 

driven by orography, and is evenly distributed through the year. Typically, winter 35 

precipitation in the SW-US is widespread, is of low to moderate intensity, and can persist 36 

for a few days. Occasional cyclones travelling northward from the tropical Pacific can 37 

deliver substantial and multi-day precipitation as well (Sheppard et al., 2002).   38 

The severe precipitation deficit in the SW-US in recent decades has had seriously 39 

adverse socioeconomic impacts (Howitt et al., 2014).  The recent long-lasting drought in 40 

SW-US has been attributed largely to the relative absence of strong El Niños during the 41 

last two decades and an early expression of anthropogenic warming (Seager et al., 2015).  42 

The strong El Niño event of 2015/2016 was expected to provide relief to the drought 43 

stricken SW-US, but it failed. This motivated the examination of the sources of 44 

uncertainty in the ENSO-SW-US precipitation relationship.  Recent studies point to 45 

random internal variability as having altered the typical circulation pattern associated 46 

with El Niño (Seager and Hoerling, 2014; Seager et al., 2015; Schubert et al., 2016). 47 

Other influences, such as the Arctic sea ice anomaly (Sewall and Sloan, 2004), or the 48 

state of the tropical Atlantic SST, could be relevant (Schubert et al., 2004; Kushnir et al., 49 

2010; Seager and Hoerling, 2014). Other studies alluded to the detailed structure of the 50 
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SST anomalies, such as the amplitude and longitudinal position of the El Niño/Southern 51 

Oscillation (ENSO) Sea Surface Temperature (SST) anomalies, which have been 52 

considered essential in determining the impact over the North American surface climate 53 

(Guo et al., 2017; Jong et al. 2017).  54 

Another aspect that may contribute to uncertainties in the ENSO-North American 55 

climate teleconnection, particularly in terms of precipitation, is the slowly varying large-56 

scale environment due to decadal or longer time scale impacts from the oceans.  The 57 

process leading to continental precipitation is nonlinear, requiring an air parcel to be 58 

lifted beyond the lifted condensation level; thus precipitation is linked to both upward 59 

motion and available water vapor.  It is therefore important to explore the decadal and 60 

longer term variability of the background state and whether it may impact the 61 

subseasonal to interannual precipitation variability associated with phenomena such as 62 

the Madden-Julian Oscillation (MJO) and ENSO.  63 

Atlantic Multidecadal Variability (AMV), which refers to the low-frequency 64 

variation of basin-wide SST extending from the subpolar North Atlantic into the tropics 65 

in what resembles a horseshoe pattern (Figure 1a), has been implicated as a possible 66 

factor that can exert a long-term impact on precipitation variability in the continental US 67 

(Enfield et al., 2001; Sutton and Hodson, 2005). Several previous studies have explored 68 

the AMV modulation of the ENSO impact over North America (Enfield et al., 2001; 69 

Rogers and Coleman, 2003; Mo et al., 2009; Hu and Feng, 20011; 2012). Based on a 70 

coordinated modeling study, Mo et al. (2009) suggested that warm season precipitation 71 

responds asymmetrically to ENSO under the influence of AMV, although there were 72 

considerable model-to-model disagreements in the rainfall response to ENSO, which 73 

could substantially interfere with the ensemble mean ENSO asymmetry associated with 74 

AMV.  In the Great Plains, the modeled precipitation contrast between El Niño and La 75 
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Niña cases was amplified during a positive AMV during summer (Table 1 in Hu and 76 

Feng, 2012). Thus, in these previous studies, the AMV appears as a modulator to the 77 

continental precipitation response to any source of shorter-term climate variability, 78 

particularly ENSO.    79 

Although the mean impact of AMV on North American precipitation has been 80 

widely recognized (e.g., Enfield et al., 2001; McCabe et al., 2004; Sutton and Hodson, 81 

2005; Knight et al., 2006; Ting et al., 2009; Ting et al., 2011), the physical mechanisms 82 

underlying its role in modulating precipitation responses to climate variations on shorter 83 

time scales is not fully understood. We hypothesize that the long-lasting impact of AMV 84 

on the background state can further influence the characteristics of the local precipitation 85 

response to shorter-term disturbances over the continental U.S., including ENSO and 86 

internal atmospheric variability. In order to identify how and where AMV exerts its 87 

effects, we designed atmospheric general circulation model (AGCM) experiments forced 88 

with the typical AMV SST pattern added and subtracted from the climatology. As our 89 

focus is on the SW-US, where winter is the wettest season, we focus on the response 90 

during that season. Furthermore, we investigate the general causes of the modulation on 91 

short-term precipitation variability regardless of whether it is SST-forced or driven by 92 

internal atmospheric variability.   93 

This paper is organized as follows: in section 2 we introduce the data used in this 94 

study and the design of the experiments, and in section 3 we explore the response 95 

associated with different phases of AMV in observations and in the model experiments 96 

with globally prescribed historical SST. Then in section 4 we discuss the impact driven 97 

purely by the AMV SST anomalies. Final discussion and conclusions follow in section 5.  98 

 99 

2. Data, Models and Method 100 
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2.1  Model description 101 

Two Atmospheric General Circulation Models (AGCMs), the National Center for 102 

Atmospheric Research (NCAR) “Community Atmosphere Model” Version 5.3 (CAM5) 103 

and the Max Planck Institute for Meteorology “European Center Hamburg Model” 104 

Version 5 (ECHAM5) are used in this study. CAM5 is the atmospheric component of the 105 

Community Earth System Model Version 1.2 (CESM, Neal et al., 2013). It uses a 106 

Eulerian dynamical core with T42 spectral horizontal grid and 30 sigma-pressure hybrid 107 

vertical levels. It is coupled to the Community Land Surface Model Version 4 (CLM4, 108 

Oleson et al., 2013) and the Community Ice CodE Version 4 (CICE4, Bailey et al., 2012) 109 

with prescribed sea ice concentration, following the F_2000_CAM5 component set. More 110 

detail can be found in Neale et al. (2013). The ECHAM5 is a spectral model, truncated at 111 

T42 horizontal resolution and vertically discretized at 19 sigma-pressure hybrid levels 112 

(Simmons and Burridge, 1981). Land surface processes for temperature and moisture are 113 

iterated interactively with the atmospheric model (Shulz, 2001). Sea surface temperature 114 

and sea ice concentration are prescribed with the monthly observations.  A complete 115 

description of the model can be found in Roeckner et al (2003). 116 

2.2 Model experiments 117 

CAM5-GOGA (Guo et al., 2017; Pomposi et al., 2017) is a 16-member ensemble 118 

of the so-called Global Ocean Global Atmosphere (GOGA) experiment forced by 119 

observed historical global, monthly SST anomalies. In this case, SST forcing data are 120 

taken from the Hadley SST version 2 analysis (HadISSTv2, Titchner and Rayner, 2014), 121 

spanning the years 1856 to 2014. Sea ice concentration varies with time according to the 122 

historical record depicted in HadISSTv2. Greenhouse gas concentrations are kept at the 123 

year 2000 value and there is no time-varying external radiative forcing. The model 124 

integration begins from 16 slightly different initial conditions to facilitate the generation 125 
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of independent samples that reflect the free, internal atmospheric variability.  A sixteen-126 

member ensemble GOGA experiment with the same boundary condition with CAM5-127 

GOGA is also conducted with ECHAM5 (ECHAM5-GOGA) for comparison and 128 

assessment of the robustness of the results. 129 

Idealized AMV experiments are conducted with the two GCMs, CAM5 and 130 

ECHAM5. Both models are integrated through 60 annual cycles with prescribed AMV 131 

anomalies added to the SST climatology, which is the average seasonal cycle in the base 132 

period of 1930-2000 from ERSSTv4 (Huang et al., 2015). We considered 2 opposite 133 

AMV phases confined within the North Atlantic: a positive phase (AMV+) and negative 134 

phase (AMV-). A neutral case (CTRL) is also considered.  The AMV SST pattern is 135 

derived from the linear regression on the standardized AMV index defined by Ting et al. 136 

(2009). To obtain a robust response to the AMV, the regression pattern is multiplied by a 137 

factor of 2.5.  The green line in Figure 1a outlines the domain of the whole North Atlantic 138 

SST forcing.  We also considered the impact of three regional sectors of the AMV: the 139 

whole North Atlantic, extra-tropical North Atlantic north of 45°N and the tropical North 140 

Atlantic south of 45°N. The list of all the experiments is provided in Table 1.  141 

2.3 Observed Data  142 

The SST data used for generating the AMV pattern in the North Atlantic is taken 143 

from the Extended Reconstructed Sea Surface Temperature version 4 (ERSSTv4) dataset 144 

(Huang et al, 2014) from year 1870 to 2013.  The AMV index is obtained following Ting 145 

et al. (2009 and 2011). First, the radiatively forced component is obtained by applying a 146 

signal-to-noise-maximizing EOF (Allen and Smith, 1997) to the low-pass filtered global 147 

SST of multi-model and multi-ensemble CMIP3 simulations. Then, linear regression of 148 

the observed global SST onto the principal component of the leading forced mode is used 149 

to remove the global warming footprint from the observed SST.  After filtering out the 150 
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forced component, the AMV index is obtained as the residual of the observed North 151 

Atlantic basin-wide average. Finally, the observed SST pattern without the forced 152 

component in the North Atlantic is obtained using linear regression onto the AMV index 153 

(Fig. 1a). The typical SST pattern of AMV is anchored in the extratropical North Atlantic 154 

and extends to the tropical North Atlantic and the Gulf of Mexico, with weaker SST 155 

values in the subtropics.  The temporal evolution of the AMV index is presented in 156 

Fig.1b.  Based on this time series, the years of top tercile AMV index and bottom tercile 157 

AMV index are chosen for a composite analysis.   158 

The monthly mean observed precipitation is obtained from University of East 159 

Anglia Climate Research Unit TS3p1 data (CRU TS3p1, Harris et al., 2014) for the 160 

composite analysis conducted in the next section. The data spans from 1901 to 2009 with 161 

1 by 1 horizontal resolution. In order to exclude the possible response to the radiative 162 

forcing, the linear regression onto the leading forced mode in Ting et al (2009; 2011) is 163 

removed from the raw data.       164 

 165 

3. AMV Impact in the historical record 166 

3.1  Observed and historical SST-forced AMV Impact 167 

Figure 2 shows the cold season (November-April) precipitation composite 168 

anomalies over the continental U.S. associated with the two opposite AMV phases using 169 

the century-long CRU TS3p1 data. The cold months chosen for this study are outside the 170 

season of the North American Monsoon. The positive and negative years of AMV are 171 

chosen from the upper and lower terciles according to the AMV index of Ting et al. 172 

(2009) between 1930 and 2009. Statistical significance of the difference, at the 95% 173 

level, is determined using a two-sided Student’s t-test. In the SW-US and Mexico, the 174 

difference between the observed average cold-season precipitation during the years 175 
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falling in the upper versus the lower tercile of the AMV index amounts up to 20% of the 176 

long term seasonal means (Fig. 2a). The patterns in Fig. 2a are consistent with the 177 

previous study based on observations such as Ting et al (2014, Fig.6a) in that they show 178 

significant dryness with the positive AMV in the SW-US, the Great Plains and Mexico, 179 

as well as significant wetness in the Pacific Northwest and Central Canada. Especially in 180 

the SW-US and Mexico, the GOGA simulations from both models (Fig. 2b and c) capture 181 

well the observed dryness during the positive AMV. However, the modeled precipitation 182 

exhibits predominant dryness over the southern US, while the observed data does not 183 

show such significant dryness in the central south area. This disagreement can possibly 184 

be due to the internal variability of the modeled precipitation being suppressed by the 185 

ensemble average. The influence of strong internal variability on precipitation anomalies 186 

is commonly found in the modeling studies seeking SST-driven remote impacts 187 

(Schubert et al., 2016), in which ensemble mean model simulations tend to show much 188 

stronger and more spatially widespread association with the SST than does the 189 

observation (Seager and Hoerling, 2014). Also, the topography of the Rocky Mountains 190 

in the coarse resolution models could have overly simplified the spatial patterns. It is 191 

notable that AMV-related contrasts in other regions, such as the dryness in the Great 192 

Plains and the Eastern US, and the wetness in the Canadian Pacific Northwest, are 193 

captured better with EAHCM5-GOGA, but we do not discuss further the model 194 

differences, in order to focus on what the both models can capture in common.    195 

In addition to time mean differences in precipitation, there is a notable contrast in 196 

the variance of the anomalous monthly precipitation between the two AMV phases (Figs. 197 

2d and e). In particular, the variance of the monthly precipitation during the cold season 198 

in the SW-US decreases significantly during the positive AMV phase in the same area 199 

where the mean precipitation deficit occurs.  The reduction in variance during AMV 200 
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positive phase relative to the negative phase is also confirmed with the CAM5-GOGA 201 

ensemble (Fig. 2d). This result suggests a role for the AMV as a modulator of the 202 

monthly mean precipitation variability in the U.S., a phenomenon that has been given 203 

little attention previously. It is worth mentioning that our results in the warmer months 204 

(not shown) indicate a substantial increase of rainfall variance in the Great Plains with 205 

positive AMV phase, which is consistent with previous studies (Mo et al., 2009; Hu and 206 

Feng, 2012).    207 

To investigate further the AMV-related changes in the SW-US precipitation 208 

variability, the probability density function (pdf) for the model simulated monthly 209 

precipitation averaged over the SW-US domain (outlined by the magenta box in Fig. 2d) 210 

is shown in Fig. 3, with a summary of the statistics presented in Table 2. Aside from the 211 

mean precipitation shift toward drier conditions in the region for positive AMV years 212 

compared to neutral and negative years, Fig. 3 indicates that drier than normal months 213 

occur more frequently, while wetter than normal months occur less frequently during 214 

positive AMV years than neutral or negative AMV years.  Also, the pdf during positive 215 

AMV years exhibits a shorter right tail than during neutral or the negative AMV years, 216 

meaning that positive extremes occur less frequently during positive AMV years than 217 

negative AMV years.  This contrast in the pdf is significant at the 95% level based on the 218 

Kolmogorov–Smirnov test. In Table 2, the mean difference and the variance ratio with 219 

respect to the observed precipitation are similar to those of the models, though not 220 

significant due to an insufficient sample size of the data.  The strong agreement among 221 

the models and the observation in the changes in the AMV-related statistics indicates that 222 

further model experiments are worthwhile.    223 

Given the time varying global SST in both observations and the GOGA 224 

experiments, it is difficult to determine whether the variance modulation associated with 225 
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AMV as seen in Figs. 2 and 3 results entirely from the AMV SST anomalies or from the 226 

impact of SST in other ocean basins (Zhang and Delworth, 2006; Li et al., 2016; Roprich-227 

Robert et al., 2017), particularly the tropical Pacific. It is especially difficult if there are 228 

inter-basin connections between the Atlantic and the tropical Pacific. For example, a 229 

weak La Niña-like condition was found to be associated with positive AMV (see Table 2), 230 

which could result in the mean decrease of precipitation in the SW-US.  Furthermore, the 231 

variance of Niño3.4 significantly decreases during positive AMV, in the same direction 232 

as the precipitation variance in the SW-US (Table 2). Recent modeling studies have 233 

suggested that a positive phase of AMV can generate a La Niña-like pattern (Kang et al., 234 

2014; Rubric-Robert et al., 2017). In order to isolate the direct impact of AMV on SW-235 

US precipitation variability from the impact through its link with SST anomalies in other 236 

ocean basins, we perform AGCM experiments with idealized AMV SST in the North 237 

Atlantic and climatology elsewhere, which are presented in the next section. 238 

   239 

4. AMV Impact in Idealized AGCM Experiments 240 

4.1  Impact on precipitation 241 

In order to separate the directly AMV-driven differences in the means and the 242 

variances of precipitation in the US, we analyzed the experiments forced with idealized 243 

AMV-related SST anomalies in the North Atlantic domain only.  In addition to the 244 

NCAR CAM5, the ECHAM5 is used as well for more robust results.  The prescribed 245 

AMV SST anomaly amplitude and spatial pattern are shown in Fig. 1a in both positive 246 

(AMV+, as shown) and negative (AMV-, obtained by multiplying the field by -1) phases.   247 

Taking the difference between AMV+ and AMV-, both models show a significant 248 

precipitation deficit in the SW-US region during the cold season (Fig. 4 a, b). ECHAM5 249 

agrees well with CAM5 overall, except that the strength of the dryness is more severe in 250 
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ECHAM5, particularly in the western US.  There are some notable disagreements with 251 

the AMV composite differences based on the CAM5-GOGA experiments (Fig. 2), 252 

possibly due to absence of historical ENSO events in the idealized experiments. The 253 

general agreement between the two independent AGCMs implies that the mean change in 254 

precipitation associated with the AMV phases in GOGA and in the observations can be 255 

driven directly by the AMV SST anomalies. In spite of the 2.5 amplification of SST 256 

forcing in the North Atlantic, the magnitude of the mean shift in SW-US in this idealized 257 

setup is less than the linearly proportional response to the forcing magnitude except in 258 

Baja California and Central Mexico.  259 

Accompanied by the decreased mean precipitation associated with AMV+, a 260 

reduction in the monthly precipitation variance is found in the SW-US, Texas/Mexico 261 

and the central US in both AGCMs with positive AMV SST as compared to negative 262 

AMV SST (Figs. 4c, d). The precipitation variance with AMV+ forcing can fall to about 263 

50% of the precipitation variance with AMV- in some regions. There is an overall 264 

agreement between the two models in the variance reduction regions, although the 265 

variance reduction in ECHAM5 tends to be stronger and more widespread than that in 266 

CAM5.   267 

 The monthly precipitation probability distribution in the SW-US simulated in the 268 

fixed AMV SST experiments (Fig. 5) also agrees well with that in the GOGA 269 

experiments (Fig. 3) with both models. This agreement indicates an overall probability 270 

shift toward the drier end in monthly mean precipitation for the AMV+ experiment, and a 271 

shift toward the wetter end in the AMV- experiment. The agreement between idealized 272 

AMV runs and the GOGA experiments implies that the difference between AMV phases 273 

from GOGA simulations with both models and observations is largely due to the direct 274 

influence from the AMV SST anomalies. In the idealized runs, monthly variability is due 275 
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to internal atmospheric processes, while in the GOGA runs it comes from both internal 276 

atmospheric variability and SST variability in the other ocean basins, including that 277 

associated with ENSO.     278 

To determine if the reduction in monthly precipitation variance is also detectable 279 

on a shorter time scale, such as daily variability, Fig. 6 presents the daily precipitation 280 

characteristics in terms of daily rainfall intensity and dry day occurrences. Figures 6a,b 281 

present the monthly mean difference between AMV+ and AMV- of the maximum daily 282 

rainfall intensity. The long term mean climatology of the maximum daily rainfall and dry 283 

day occurrences from the control run is also shown in Fig. 6 as contours.  The mean 284 

maximum daily rainfall intensity can range between 8 to 12 mm/day for the SW-US 285 

region. There can be substantial reduction in the maximum daily rainfall intensity during 286 

AMV+ as compared to AMV-, by 3mm/day or more with ECHAM5 especially, which is 287 

one third or more of the long term mean value.  Meanwhile, the number of dry days per 288 

month (number of days with less than 0.2 mm/day of precipitation) shows only a modest 289 

increase for AMV+ compared to the control AMV (Fig.6 c, d). Moreover, the region of 290 

prominent differences in these daily statistics coincides well with the areas where the 291 

monthly variance change is significant.  Since suppression of extreme daily rainfall and 292 

increasing dry day occurrences can both contribute to reduced precipitation variability on 293 

daily time scales, this further indicates that the AMV-driven variance modulation can 294 

occur across multiple time scales.  A practical  inference drawn from this finding is that it 295 

is possible for AMV phases to be used as one of the predictors for seasonal probability 296 

forecasts for extreme precipitation events and persistent droughts in the SW-US. 297 

4.2  AMV Impact on the atmospheric circulation 298 

We further examine the circulation features forced by the prescribed AMV SST 299 

anomalies by presenting, in Fig. 7, the 200 hPa geopotential height (top panels) and the 300 
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sea level pressure anomalies (lower panels) from both AGCMs for composite differences 301 

between AMV positive and negative phases.  The precipitation differences between the 302 

two AMV phases are also shown as color shading in Fig. 7. Not surprisingly, there is 303 

strongly enhanced precipitation in the tropical Atlantic associated with positive AMV, 304 

particularly in the western tropical Atlantic and the Intra-American Seas (IAS) region, 305 

which also extends eastward to western Africa. In the North Atlantic, the subtropical 306 

anticyclone is weaker in the AMV+ case than in the AMV- one (Fig. 7 c, d). This 307 

difference is consistent with reduced subsidence, or increased precipitation, over the 308 

subtropical Atlantic during positive AMV compared to negative AMV. Along with 309 

enhanced convection in the tropical North Atlantic, there is suppressed convection in the 310 

equatorial Pacific and a weakening of the Aleutian Low (Fig.7 c, d). The upper 311 

tropospheric responses over the Pacific and North America are remarkably similar to the 312 

negative Pacific-North American (PNA, Barnston and Livezey, 1987) pattern, with an 313 

anticyclone over the Gulf of Alaska, a low over Canada, and another anticyclone across 314 

southern North America (Fig. 7a, b). The negative PNA response is consistent with the 315 

atmospheric response to a La Niña event, thus suggesting that the suppressed convection 316 

in the tropical Pacific due to positive AMV may be responsible for the circulation 317 

responses in Fig. 7. In Kushnir et al. (2010), it has been shown that a tropical North 318 

Atlantic warm SST anomaly can generate negative PNA pattern without La Niña-like 319 

SST in the tropical Pacific through a shift in the Walker circulation. This was supported 320 

by their AGCM experiments with prescribed time varying historical SST in the tropical 321 

North Atlantic.  Also, Ruprich-Robert et al. (2017) agreed with Kushnir (2010) using 322 

coupled model experiments with the AMV SST restored to the observed values in the 323 

Atlantic basin.  324 
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With the same AMV SST forcing, ECHAM5 exhibits slightly stronger convection 325 

anomalies in the tropical Pacific domain than does CAM5 (Fig.7 b, d).  However, the 326 

patterns of atmospheric circulation anomalies are remarkably similar in both models, 327 

which strongly suggests that these responses are robust. Additional experiments with only 328 

the tropical or the extratropical AMV SST reveal that the AMV tropical forcing alone is 329 

almost entirely responsible for the circulation and precipitation responses (not shown), 330 

again consistent with previous studies using an AGCM with sectorial historical AMV 331 

SST anomalies (Kushnir et al., 2010).  332 

4.3  AMV impact on moisture budget 333 

As shown in section 4.1, the AMV-related changes in SST can significantly 334 

modify both the mean and the variance of the cold season precipitation in the SW-US. At 335 

the same time, there are significant changes in the atmospheric circulation associated 336 

with the AMV SST anomalies, as shown in section 4.2.  Here, we explore moisture 337 

budget in both AGCMs to identify the dominant processes contributing to the 338 

precipitation variability in the SW-US and how these processes are affected by AMV. 339 

The vertically integrated moisture budget equation implies that precipitation (P) is 340 

balanced by the vertically integrated moisture convergence (MC) and moisture 341 

evaporated at the surface (E), as well as atmospheric moisture storage; i.e.: 342 

𝑃 = −
1

𝑔𝜌𝑤
∫ ∇ ∙ (�⃑� 

𝑝𝑠

0

𝑞)𝑑𝑝 + 𝐸 −
1

𝑔𝜌𝑤

𝜕

𝜕𝑡
∫ q

𝑝𝑠

0

𝑑𝑝 + 𝜀                     (1) 343 

where q denotes specific humidity and �⃑�  the horizontal wind at each of the vertical levels.  344 

The error term (𝜀) is mainly due to the off-line vertical integration and other numerical 345 

rounding errors and also likely due to errors incurred by neglecting terms associated with 346 

the tendency and convergence of condensed water not precipitated out of the column 347 

(Peixoto and Oort, 1992).  We first investigate the monthly mean precipitation variability 348 
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during the cold season in the SW-US region and its relation to the various terms in the 349 

moisture budget equation (Eq. 1) using the control experiment (CTRL).  We find that the 350 

anomalous moisture convergence is the dominant term in the moisture budget equation 351 

(1), explaining 90%~100% of P over much of the continental US area and about 80% of 352 

P variability in the SW-US, based on the linear regression relation between P and the 353 

right side terms of Eq.1 (Table 3).  Thus we will focus mainly on the moisture 354 

convergence (MC) term in the rest of the paper.  We seek the cause of the monthly 355 

precipitation anomalies in the SW-US between the two relevant subcomponents of MC 356 

anomalies as shown below:  357 

𝑀𝐶′(𝑡) = −
1

𝑔𝜌𝑤
∫ ∇ ∙ (�⃑� 

𝑝𝑠𝑐

0

′(𝑡)𝑞𝑐)𝑑𝑝 −
1

𝑔𝜌𝑤
∫ ∇ ∙ (

𝑝𝑠𝑐

0

𝑢𝑐⃑⃑⃑⃑ 𝑞′(𝑡))𝑑𝑝 + 𝐻𝑂𝑇(𝑡)        (2) 358 

where subscript c indicates the long term mean, and prime the monthly deviation from 359 

the long term climatology.  The first two terms in Eq. (2) represent the MC due to 360 

anomalous circulation and that due to anomalous column moisture, respectively, and the 361 

last term indicates the higher order nonlinear interaction term.  The separation of the first 362 

two terms is not ideal, as circulation and moisture anomalies are not strictly separable. 363 

However, it provides a framework for determining the contribution to monthly 364 

precipitation variation from moisture versus circulation fluctuations. In Figure 8, we 365 

present maps of correlation coefficient of the subcomponent MCs with the precipitation 366 

anomalies of the boxed area in the SW-US using the CTRL experiment. Also presented 367 

in this figure is the moisture flux due to anomalous winds. Figure 8 shows that 368 

precipitation in the SW-US is associated with moisture flux from both the subtropical 369 

Pacific and the Gulf of Mexico, but dominated by that from the subtropical Pacific.  The 370 

dominant moisture flux tends to be associated with an anomalous low center located at 371 

the west coast of the US causing moisture flux anomalies to converge in the SW-US and 372 
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diverge near the Pacific Northwest. The MC term associated with mass circulation 373 

(shading) is positively correlated with precipitation while that due to anomalous moisture 374 

(contours) is negatively correlated with precipitation, with the total dominated by the 375 

former.  376 

The moisture budget equations (1) and (2) above can be applied to understand the 377 

balance among the moisture terms with the changes of AMV phases using climatological 378 

means of qc and uc from CTRL as the long term mean and deviation of AMV+ and 379 

AMV- from CTRL as the primed variables. The relation between the precipitation change 380 

and the moisture convergence terms with respect to the difference between AMV+ and 381 

AMV- are shown in Fig. 9 for the two AGCMs.  The relatively widespread drying 382 

condition during AMV+ over the southern U.S. and northern Mexico is largely a 383 

combination of the two MC terms, with the coastal regions dominated by the circulation-384 

related MC and the Plains due to changes in moisture content.  Consistent with Fig. 8, the 385 

drying over SW-US is dominated by circulation changes (Fig. 9c,d), which in this case, is 386 

associated with northerly flow along the west coast due to the anticyclone anomaly 387 

centered in the Gulf of Alaska (Fig. 7).  The cyclonic anomalies over the Atlantic as 388 

shown in Fig. 7 largely contribute to the drying along the east coast regions where the 389 

flow is northerly or northwesterly, which fluxes low mean moisture into the region. The 390 

circulation related changes in moisture convergence (Fig. 9c, d) is also consistent with 391 

the suppressed vertical motion shown in Fig. 10a, b.  The MC term involving moisture 392 

content change (Fig. 9 e,f), on the other hand, is determined by both the specific humidity 393 

difference between AMV positive and negative phases, and the climatological mass 394 

divergence (Fig. 10 a, b).  Due to the decrease in specific humidity across the domain of 395 

interests (Fig. 10c, d), there would be reduced moisture convergence where the mean 396 

mass flow converges, while there would be increased moisture convergence where the 397 
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mean mass flow diverges. This is more clearly shown in Fig. 9f for the ECHAM5 model 398 

with an east-west dipole over the southern part of U.S.  Both models show that transient 399 

eddies are important in the east coast of the US but less so in the Southwest (Fig. 9g, h).  400 

Due to data availability, the error (𝜀) with ECHAM5 is not separable from the MC by 401 

transients. To determine why the monthly precipitation variance is suppressed in AMV+ 402 

as compared to AMV-, we compare the variance of the relevant terms between the two 403 

AMV phases in the moisture budget.  We first construct the monthly time series of the 404 

moisture convergence terms.  These include steady monthly mean moisture convergence 405 

(𝑀𝐶𝑢𝑞(𝑡) = −
1

𝑔𝜌𝑤
∫∇ ∙ 𝑢(𝑡)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ̅̅ ̅̅ ̅̅

𝑞(𝑡)̅̅ ̅̅ ̅̅ 𝑑𝑝) , where the bar represents monthly mean, the 406 

moisture convergence due to monthly variations of the wind component (𝑀𝐶𝑢(𝑡) =407 

−
1

𝑔𝜌𝑤
∫∇ ∙ 𝑢(𝑡)⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ̅̅ ̅̅ ̅̅

𝑞�̅�𝑑𝑝), where the subscript c means long term mean, and the moisture 408 

convergence due to monthly variations of the moisture content (𝑀𝐶𝑞(𝑡) = −
1

𝑔𝜌𝑤
∫∇ ∙409 

𝑢𝑐⃑⃑⃑⃑ ̅̅ ̅ 𝑞(𝑡)̅̅ ̅̅ ̅̅ 𝑑𝑝) , for the two AMV phases. For this calculation, the long-term monthly mean 410 

of the wind or specific humidity are obtained from the corresponding AMV experiments. 411 

Once we obtain the monthly time series for these moisture convergences at each grid 412 

point, the variance and variance ratio between AMV+ and AMV- can be calculated. The 413 

contribution from submonthly time scale eddies is derived as a residual for each month 414 

between P-E and MCuq.   415 

Figure 11 shows the variance ratio of the various moisture budget terms, 416 

including P – E, E, total monthly mean and submonthly transient moisture convergences 417 

for ECHAM5 only. The pattern with CAM5 broadly agrees with these plots with a 418 

somewhat weaker signal and less statistical significance (not shown). Compared to the 419 

precipitation variance ratio in Fig. 4c,d, it is clear that there is a similar reduction in 420 
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variance for AMV positive phase in precipitation minus evaporation (Fig. 11a), while the 421 

difference in variance between AMV+ and AMV- in evaporation is relatively small.  The 422 

P – E variance ratio is largely explained by the monthly mean moisture convergence term 423 

(Fig. 11c), with non-negligible contribution from the transient component (Fig. 11d). 424 

Note that the variance and variance ratio calculations here are not linear, thus one cannot 425 

add Fig. 11c and 11d to get the total in Fig. 11a.  One can infer from this separation, 426 

however, that the precipitation variance is suppressed in AMV+ compared with AMV- 427 

due to suppressed variance in both the monthly mean and submonthly transient moisture 428 

convergences, consistent with Figs. 5 and 6. The reduction in monthly mean moisture 429 

convergence variance in AMV+ seems to be dominated by the dynamic MC term, i.e., the 430 

moisture convergence due to circulation variations (MCu, Fig. 11e), with little 431 

contribution from the term involving monthly mean variations of q (Fig. 11f). The 432 

dynamic moisture convergence variations will display a small range of variability if the 433 

column moisture content (qc) is reduced or if vertical movement of the air masses 434 

becomes less active (reduced mass convergence or vertical motion). During the positive 435 

AMV phase, precipitation amounts vary less, partly because there is suppressed vertical 436 

motion (Fig. 10b) and partly because there is overall lower column moisture content to be 437 

condensed into rain when there is low level mass convergence (Fig. 10d).  These two 438 

processes combine to reduce the AMV+ variance in precipitation and MC as compared to 439 

AMV-.  In forming such variance ratio of MCu the relative importance between these two 440 

factors, column moisture content change and modulated vertical motion variability, can 441 

be further assessed by the ratio of squared mean column moisture and the variance ratio 442 

of vertical motion (Fig. 11g and h). From these estimates, it is shown that the shift in 443 

mean column moisture content plays a more important role in modulating MCu variance 444 

for ECHAM5, whereas the modulated upward motion variability plays an equally 445 
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important role for CAM5 (not shown). Additional analyses to further define the relative 446 

importance of the background column moisture versus the upward motion variability are 447 

not pursued, as it is highly dependent on the individual choice of the model physics 448 

schemes.     449 

In Figure 12, we examine the ambient physical conditions, which can possibly be 450 

associated with suppressed vertical motion and reduced low-level moisture in AMV+ 451 

compared to AMV-.  These conditions are shown in longitude – pressure cross sections 452 

averaged over the latitudes from 20oN to 40oN, for temperature and vertical motion in the 453 

top panels, and specific humidity and meridional wind in the lower panels, for the 454 

longitude band from eastern Pacific coast to the Atlantic. When AMV is in its positive 455 

phase, more moisture evaporates due to a warmer ocean surface in the Gulf of Mexico 456 

and the tropical Atlantic (Fig. 12 c, d). The increased moisture rises with convection and 457 

turns into precipitation aloft as shown in Fig. 7; thus more latent heat is released at the 458 

upper level.   In the mean time, the upper level anti-cyclonic circulation anomaly 459 

redistributes the heating towards the US from the tropical Atlantic and forms a 460 

geostrophic balance with the upper level height gradient associated with the warming 461 

(Fig. 7 a, b; Fig. 12a, b).  ECHAM5 generates stronger upper level warming (Fig. 12b) 462 

than CAM5 (Fig. 12a), as it produces more precipitation than CAM5 over the tropical 463 

Atlantic (Fig.7 a, b). The upper tropospheric warming increases the static stability, which, 464 

we suspect, suppresses vertical motion over the North American land region.  On the 465 

other hand, we believe that the northerly flow along the west coast of US (Fig. 12 c, d) 466 

can be associated with lower specific humidity over a large part of the US in the lower 467 

troposphere.  Both of these processes suggest reduction in the mean and the short-term 468 

variability of precipitation over the land region, particularly over the SW-US. 469 

 470 
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5. Summary and Discussion 471 

In this study, we have examined the influence of the AMV on precipitation 472 

characteristics in the SW-US, in particular its modulation of shorter-term variability.  In 473 

order to separate the AMV-driven effects, we first showed the contrast in cold season 474 

mean precipitation and the monthly variance between the two opposite AMV phases in 475 

the observed precipitation record. Then, using atmospheric general circulation model 476 

experiments with prescribed global observed historical SST using the CAM5 and 477 

ECHAM5 models, we show that the precipitation contrasts associated with AMV, which 478 

we detected in the observations, can be simulated with the (prescribed) global historical 479 

SST conditions. Moreover, two idealized experiments with two different AGCMs, in 480 

which prescribed positive and negative AMV SST anomaly patterns were confined to 481 

only the North Atlantic, confirmed that the precipitation variance in the continental US 482 

could be significantly affected by the AMV-related SST anomalies.  483 

The atmospheric circulation responses to AMV forcing are very similar between 484 

the two independent GCMs, consisting of a negative Pacific/North American pattern with 485 

an anticyclone over the Gulf of Alaska, a cyclone in Northern Canada, and another 486 

anticyclone in the southern part of North America.  The reduction in storm activity and 487 

the reduced moisture divergence due to mean flow divergence appear to be connected 488 

with the mean reduction in precipitation during the AMV positive phase. The source of 489 

the model-dependence in the spatial pattern and magnitude of the precipitation variance 490 

change seems to be the model-dependent physics schemes, as the circulation anomaly 491 

patterns from two models strikingly resemble each other. The moisture budget analysis 492 

suggests in further detail that the rainfall variance reduction with AMV+ can be 493 

explained by moisture convergence due to reduced variability in mass circulation.  In 494 

addition, the reduction in the background moisture with AMV+ reinforces the 495 
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precipitation variance reduction.   However, the relative roles of these two factors in 496 

generating such variance reduction with AMV+ are quite different between the two 497 

models. With ECHAM5, reduction of background moisture plays a more important role, 498 

whereas the both play equally important roles with CAM5. The model dependence is 499 

detected in each model’s preference in rainfall types.  As we separate the precipitation 500 

into large-scale and convective components, we find out that large-scale precipitation, 501 

which is related to the column humidity, dominates ECHAM5 precipitation (comprises 502 

more than 80% of the total monthly rainfall) in the SW-US, whereas convective 503 

precipitation due to local updraft is also remarkably important for CAM5 precipitation 504 

(about 40% of total precipitation) in the SW-US. 505 

We propose the following plausible mechanisms for the reduction in both the 506 

mean precipitation and monthly precipitation variance during AMV+ as compared to 507 

AMV-.  During the AMV positive phase, warmer SST in the tropical Atlantic shifts the 508 

ITCZ northward and enhances convection in the tropical North Atlantic and the IAS, 509 

which then warms the tropical upper troposphere locally and also extends to the North 510 

American continents.  The enhanced upper tropospheric warming in turn leads to 511 

enhanced static stability and reduces vertical motion over the continental U.S.  The 512 

suppression of vertical motion not only causes the mean drying, but also reduces 513 

precipitation variability.  The Southwestern US is further impacted by the anticyclone 514 

centered over the Gulf of Alaska and a generally La Niña-like circulation response that 515 

favors northerly flow along the west coast, which advects drier air from the north. 516 

The remarkable similarity between the two models in generating a La Niña-like 517 

circulation response over the Pacific and North American region during the AMV 518 

positive phase is worth further study.  This has been shown before using a slightly 519 

different model setting (Kushnir et al., 2010) and using a coupled model with restoring 520 
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AMV SST (Ruprich-Robert et al., 2017).  Further diagnostics using a simple linear model 521 

may be helpful, as shown in Kushnir et al. (2010).  522 

This study is the first attempt to test the hypothesis that there is a direct AMV-523 

driven modulation of precipitation variability in the continental US. This study does not 524 

provide a quantitative assessment of the observed differences between the opposite AMV 525 

phases and whether these are directly AMV-driven. The monthly precipitation variance in 526 

the idealized AMV experiments is due to the random weather perturbation, 527 

preconditioned on the permanent AMV-SST forcing in the North Atlantic. We have not 528 

investigated if ENSO strength or the strength of its impact over the continental US is 529 

modulated by AMV. Kang et al. (2014) and others have shown, using coupled GCM 530 

experiments, indications of AMV modulation of ENSO itself.  To be able to 531 

quantitatively separate the observed variance ratio between indirect and direct influences 532 

of AMV on ENSO, we need a new set of experiments with historical SST anomalies as in 533 

Kushnir et al. (2010). 534 
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List of Figures 658 

Figure 1 (a) SST anomaly pattern in the North Atlantic prescribed in the idealized 659 

experiments. It is made from linear regression coefficients, multiplied by the 660 

factor 2.5, with the standardized AMV index by Ting et al (2009)-shown in (b). 661 

The negative phase is represented by the same anomalies multiplied by -1. The 662 

enclosed area in green indicates the location where SST anomalies are prescribed 663 

for the idealized experiments. The upper tercile and lower tercile values of the 664 

AMV index are marked by the blue horizontal lines in panel (b), which define 665 

the years filled in green shading that represent the AMV+ and AMV- years for 666 

the composite analysis.  667 

Figure 2 (a) Observed composite difference of precipitation between AMV+ and AMV- 668 

years, in percent, with respect to the long-term mean climatology (data from 669 

CRU3.1 high-res, Jones et al., 2008) (b) the same for precipitation from the 670 

CAM5-GOGA and (c) ECHAM5-GOGA simulations.  Overlaid in gray contours 671 

is the climatological cold season (November-April) mean precipitation.  672 

Stippling indicates area where the difference is significant at the two-sided 95% 673 

level according to a Student t-test.  (d) Ratio of the monthly precipitation 674 

variance for the AMV+ years to that for the AMV- years in the cold season with 675 

CRU3.1 observations and (e) that with CAM5-GOGA and (f) ECHAM5-GOGA. 676 

Stippled are the areas significant at 90% level based on a parametric F-test.  The 677 

SW-US in this study is defined in the magenta box. CRU3.1 and CAM5-GOGA 678 

are based on 1901 to 2009, but ECHAM5-GOGA is based on 1930 to 2013. 679 

 680 

Figure 3 (a) Probability density function (PDF) of cold season monthly precipitation in the 681 

SW-US for the AMV+ years (red), the AMV- years (green) and neutral years 682 
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(black) from 16 individual CAM5-GOGA simulations. For each AMV phase, 683 

two parameters for gamma distribution are estimated using the monthly mean 684 

precipitation from all the ensemble members. The vertical line in each color 685 

indicates the mean precipitation corresponding to the curve of the same color.  686 

(b) same as (a) except for 16 member ensemble ECHAM5-GOGA. The PDF of 687 

CRU precipitation observations in the SW-US is overlaid.  Magenta indicates 688 

AMV+ years and cyan indicates AMV- years. 689 

 690 

Figure 4 (a) Mean difference between AMV+ and AMV- in percent with respect to the 691 

long-term cold season climatology in the idealized experiments with (a) CAM5 692 

and (b) ECHAM5. Stippling indicates area significant at the 95% according to a 693 

Student’s t-test. (c) Ratio of monthly precipitation variance in cold months in 694 

AMV+ to that in AMV- with CAM5 and (d) ECHAM5 experiments. Stippling 695 

indicates areas significant at 90% according to an F-test.  The magenta box 696 

defines the SW-US area in this study. 697 

 698 

Figure 5. Same as Fig. 3, except for AMV+ (red), AMV- (green), and CTRL (black) 699 

experiments with (a) CAM5 and (b) ECHAM5. 700 

 701 

Figure 6 Mean difference between AMV+ and AMV- in the monthly maximum of daily 702 

rainfall with (a) CAM5 and (b) ECHAM5, and in the monthly number of dry 703 

days with (c) CAM5 and (d) ECHAM5. Stippled at 95% significance with a 704 

Student’s t-test. Contours indicate climatological mean from CTRL. The 705 

magenta box indicates the SW-US area. 706 

 707 
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Figure 7 Global composite differences between AMV+ and AMV- experiments. (a)(b) the 708 

geopotential height at 200mb (CI=20m) in cold season with CAM5 and 709 

ECHAM5, respectively. Colored in magenta if significant at 95% with a 710 

Student’s t-test. Thinker line indicates zero, solid line positive and dashed line 711 

indicate negative anomalies.  (c)(d) Same as (a)(b) except for sea level pressure 712 

(CI=1.25hPa). Overlaid with the precipitation difference as in Fig 4a, b.  713 

 714 

Figure 8 Correlation coefficients with SW-US precipitation anomalies (averaged in the 715 

box) of the MCu (shown in colored shading) and the MCq (black line contours, 716 

solid for positive, dashed for negative and thicker zero line,  CI=0.1) , overlaid 717 

with vertically integrated moisture flux due to anomalous mass circulation (green 718 

arrows) from CTRL experiments with (a) CAM5 and (b) ECHAM5. 719 

 720 

Figure 9 Difference between AMV+ and AMV- for (a)(b) precipitation overlaid with the 721 

moisture flux vectors (c)(d) moisture convergence (MC) due to difference in 722 

mass circulation, (e)(f) MC due to difference in column moisture content, (g)(h) 723 

error (ε in Eq. 1) and MC by transient eddies, overlaid with the corresponding 724 

subcomponent moisture flux vectors with CAM5 and ECHAM5, respectively. 725 

Stippling indicates the area significant at 95% according to a Student’s t-test. 726 

The moisture flux vectors are based on the monthly product. Magenta box 727 

indicates the SW-US area. 728 

 729 

Figure 10 Difference between AMV+ and AMV- for (a)(b) cold season vertical pressure 730 

velocity (positive upward) at 500 hPa with the climatological mean from CTRL 731 

overlaid in green contours with CAM5 and ECHAM5, respectively, (c)(d) same 732 
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as (a)(b) except for specific humidity at 700mb. Dashed lines indicate negative 733 

values, solid lines positive and thicker lines are zero contour lines.  Contour 734 

interval for the climatological values is 10hPa/day for pressure velocity, and 0.8 735 

g/kg for specific humidity.  Stippled if the mean difference between AMV+ and 736 

AMV- is significant at 95%.   737 

 738 

Figure11 Variance ratio of AMV+ to AMV- for (a) Precipitation minus Evaporation, (b) 739 

Evaporation, (c) monthly moisture convergence (MC), (d) MC  due to transient 740 

eddies, (e) monthly MC due to mass circulation anomalies, (f) monthly MC due 741 

to column moisture anomalies and (g) pressure velocity, all with ECHAM5. 742 

Stippling indicates significant at 90% according to an F-test. (h) ratio of mean 743 

column moisture content squared. Stippled if the mean difference between 744 

AMV+ and AMV- is significant at 95%.  Magenta box indicates the SW-US 745 

area.  746 

Figure 12 Pressure-Longitude plane cross-section averaged between 20oN and 40oN for 747 

difference between AMV+ and AMV- experiments in temperature, shown by 748 

shading, and upward vertical pressure velocity contoured in black (hPa/s, 749 

CI=0.4) with (a) CAM5 and (b) ECHAM5.  (c)(d) Same as (a)(b) except for 750 

specific humidity in shading and meridional wind velocity contoured in black 751 

(m/s, CI=0.4). Stippling indicates the difference is significant at 95% with 752 

Student’s t-test.  Two green vertical lines indicate the longitude range covering 753 

the SW-US area.    754 

 755 

  756 
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 757 

 758 

 759 

 CAM5 ECHAM5 

GOGA 

16 ensemble 

1856-2016 

16 ensemble 

1930-2013 

AMV+ 

60 annual cycles 60 annual cycles CTRL 

AMV- 

Table 1 List of the AGCM experiments used in this study.  760 
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 761 

 762 

 

AMV mean diff AMV variance ratio 

SW prec Nino34 SW prec Nino34 

OBS 

Nov-Apr 

-0.11 

mm/day 

-0.04 

degC 

0.77 0.71 

CAM5-GOGA 

Nov-Apr 

-0.17 

mm/day 

 0.73  

ECHAM5-GOGA 

Nov-Apr 

-0.14 

mm/day 

 0.78  

 763 

Table 2 Mean and monthly variance from area averaged precipitation in the 764 

Southwest US (magenta box in Fig. 2) and Niño34 SST. All the variables 765 

are detrended.  For CAM5-GOGA, all 16 ensemble simulations were 766 

individually included. AMV positive and negative periods are based on 767 

the upper and lower terciles of AMV amplitude calculated by Ting et al 768 

(2009). The mean differences are presented in bold for significance at 95% 769 

with Student’s t-test, and the monthly variance ratios are presented in bold 770 

if the variances are different at 90% significance with f-test. 771 

  772 
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 SW PNW GP SE 

CAM5 
0.84±0.044 

(0.85) 

0.95±0.021 

(0.96) 

1.00±0.046 

(0.87) 

1.16±0.070 

(0.82) 

ECHAM5 
0.82±0.018 

(0.97) 

0.89±0.014 

(0.98) 

0.89±0.019 

(0.97) 

0.84±0.021 

(0.95) 

Table 3 Linear regression coefficients of a linear model of precipitation anomalies 773 

(P, left hand side of the Eq.1) using anomalous moisture convergence as the only 774 

independent variable (MC, the first term in the right hand side of the Eq.1) presented with 775 

the 95% confidence intervals. Correlation coefficients are presented in the parentheses. 776 

SW stands for the Southwest US (100oW-120oW, 20oN-40oN), PNW for the Pacific 777 

Northwest (110oW-120oW, 40oN-50oN), GP for the Great Plains (95oW-105oW, 35oN-778 

50oN), and SE for the Southeast US (95oW-78oW, 25oN-35oN). Based on CTRL 779 

experiments. 780 



	 	

	

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.  
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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 CAM5-GOGA and (c) 
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 ECHAM5-GOGA is based on 1930 to 
2013. 
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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 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 in the same color.  (b) same as (a) except for 16 member ensemble ECHAM5-
GOGA. PDF of CRU precipitation in the SW-US is overlaid.  Magenta indicates AMV+ 
years and cyan indicates AMV- years. 
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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 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. 
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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) CAM5 and (b) 
ECHAM5. 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) ECHAM5 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 5. Same as Fig. 3, except for AMV+ (red), AMV- (green), and CTRL (black) 
experiments with (a) CAM5 and (b) ECHAM5. 
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Figure 5 Same as Fig. 3, except for AMV+(red), AMV−(green) and CTRL(black) experiments        with (a) CAM5 and (b) ECHAM5.
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Figure 6 Mean difference between AMV+ and AMV- in the monthly maximum of 
daily rainfall with (a) CAM5 and (b) ECHAM5, and in the monthly number 
of dry days with (c) CAM5 and (d) ECHAM5. 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 MCu (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) CAM5 and 
(b) ECHAM5. 
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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 (ε in 
Eq. 1) and MC by transient eddies, overlaid with the corresponding subcomponent 
moisture flux vectors with CAM5 and ECHAM5, 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 CAM5 and ECHAM5, 
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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Figure11 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 ECHAM5. 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 20oN and 40oN 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) CAM5 and (b) ECHAM5.  (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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