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ABSTRACT 12 

A prior study observed that regional variations in springtime soil moisture over the 13 

American Southwest are associated with distal summertime temperature and precipitation 14 

anomalies across the Western United States. Here, we perform an ensemble of soil moisture 15 

depletion experiments within the Community Earth System Model (CESM2) and show that a 16 

reduction in March surface soil moisture over the Southwest US causes positive May-June 17 

temperature anomalies throughout the Western US and precipitation anomalies in the 18 

Northwest that are consistent with observations. In our experiments, daytime diabatic heating 19 

over anomalously dry land surfaces in early spring excites circulation anomalies that evolve 20 

into a hemispheric-scale pattern similar to that observed following anomalously dry 21 

springtime in the Southwest US. We show that the subsequent late spring and early summer 22 

circulation anomalies are associated with large-scale reductions in atmospheric moisture and 23 

cloudiness that contribute to the near-surface warming. Our results suggest that land-24 

atmosphere coupling provides a pathway for soil moisture variations to become a source of 25 

predictability on seasonal time scales in the Western US.  26 

SIGNIFICANCE STATEMENT 27 

Observations show that warmer-than-average summertime temperatures in the Western 28 

US are often preceded by drier-than-average spring soils in the Southwest US. We perform 29 

experiments within a global climate model and demonstrate the causal mechanism for this 30 

phenomenon: early spring soil moisture deficits in the Southwest US cause anomalously 31 

warm summers throughout the Western US through their effect on the large-scale 32 

atmospheric circulation.   33 

1. Introduction 34 

Temporally lagged correlations between climate state variables are an important indicator 35 

of predictability in the climate system. When these relationships extend across large spatial 36 

scales, they give rise to so-called “teleconnections” that are typically associated with 37 

prominent models of climate variability (Ångström 1935). Most notably, variations in sea 38 

surface temperature (SST) associated with the El Niño Southern Oscillation (ENSO) are 39 

known to influence precipitation at distal locations through atmospheric teleconnection 40 

pathways between the tropical Central Pacific and other parts of the world (Walker and Bliss 41 

1932; Ropelewski and Halpert 1987; Trenberth et al. 1998). Less well-studied are the 42 
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teleconnection-like behaviors observed in other slow-varying components of the coupled 43 

climate system, such as land and sea ice (Teng et al. 2019; Xue et al. 2022; Liu et al. 2023). 44 

 45 

Fig. 1. EOF1 of high pass-filtered JJA average temperatures across the Western US domain (105-130 46 
W, 30-50 N) in observations (panel d) and in the CESM2 historical simulation (panel h). Preceding (a) DJF 47 
precipitation (b) MAM soil moisture and contemporaneous (c) JJA precipitation anomalies regressed upon 48 
the WUS index (PC1 of JJA temperature) in observations. Panels (e-g) are as in panels (a-c), but for the 49 
WUS index from CESM2. The WUS-STP pattern captures 54% of summertime temperature variability 50 
over the domain in both CESM2 and observations. Variations in soil moisture and precipitation are 51 
expressed as percentages relative to the climatological seasonal mean. Figure reproduced from Vargas 52 
Zeppetello et al. (2024). See methods for a description of data sources. 53 

A recent study by Vargas Zeppetello et al. (2024) found that interannual summertime 54 

temperature variations associated with the leading pattern of Western US summertime 55 

temperature variability are anticorrelated with antecedent springtime soil moisture variations. 56 

Across CMIP models and in observations, springtime soil moisture deficits in the Southwest 57 

US are linked to summertime precipitation deficits and anomalously high temperature across 58 

much of the Western US (Fig. 1). Unlike many patterns of climate variability, the Western 59 

US summertime temperature pattern (WUS-STP) displays weak and mostly statistically 60 

insignificant relationships with SST variability in summer and in the preceding seasons 61 

(Vargas Zeppetello et al. 2024)—suggesting that distal soil moisture anomalies influence 62 

climate in subsequent seasons in a teleconnection-like manner through land-atmosphere 63 

interactions alone. 64 
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Soil moisture anomalies modulate the partitioning of surface latent and sensible heat 65 

fluxes and thus act as a local diabatic heating source over dry surfaces (Seneviratne et al. 66 

2010). Locally, feedbacks between soil moisture, near-surface temperature, and precipitation 67 

have been shown to contribute to the persistence of extreme events such as heatwaves and 68 

drought (Schär et al. 1999; Lorenz et al. 2010; Zhou et al. 2019; Vargas Zeppetello et al. 69 

2022). The time scales of these local interactions can extend over several months in some 70 

regions, making soil moisture a valuable source of seasonal predictability (Delworth and 71 

Manabe 1989; Fennessy and Shukla 1999; Dirmeyer 2000; Wu and Dickinson 2004; Koster 72 

et al. 2010, 2011; Guo et al. 2011; Paolino et al. 2012). Of particular relevance to our study is 73 

the work by Fischer et al. (2007) who used a regional climate model forced by real-world 74 

lateral boundary conditions to investigate the role of soil moisture-atmosphere interactions 75 

during the 2003 European summer heat wave. Their sensitivity experiments showed that 76 

preceding spring soil moisture deficits in France amplified the summertime temperature 77 

anomalies through their effect on the local surface energy budget. There is strong evidence to 78 

suggest that the contiguous United States (CONUS) is another such region where soil 79 

moisture variations can exhibit strong “memory” characteristics on seasonal time scales (Liu 80 

et al. 2014; McColl et al. 2017; Rahmati et al. 2024). Rind (1982) used an atmosphere general 81 

circulation (AGCM) to demonstrate that reducing June soil moisture within the interior of the 82 

United States led to significantly higher near-surface temperature throughout CONUS during 83 

the summer. Namias (1991) hypothesized that antecedent soil moisture variations in early 84 

spring were a key indicator of anomalously low rainfall over the northern Great Plains in the 85 

summer of 1988. A later study by Pal and Eltahir (2001) similarly concluded that feedbacks 86 

between antecedent soil moisture conditions and convective rainfall played a significant role 87 

in maintaining the persistence of the 1988 drought in a series of regional model experiments. 88 

More generally, Wu et al. (2007) examined co-variability between spring soil moisture and 89 

summer precipitation and found statistically significant correlations over CONUS in a 50-90 

year AGCM simulation. These early modeling studies all point to a link between spring soil 91 

moisture variations and summertime climate over the United States that is consistent with 92 

observations of the Western US summertime temperature pattern (Vargas Zeppetello et al. 93 

2024). 94 

Although the ability for antecedent soil moisture variations to influence climate beyond a 95 

single season has been established in models and observations, the spatial scales of these 96 

interactions are not as well understood. A few studies have explored the possibility for soil 97 
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moisture anomalies to have non-local impacts through feedbacks that modify the atmospheric 98 

circulation, particularly in monsoonal regions (Shukla and Mintz 1982; Small 2001; Douville 99 

2002; Rai et al. 2015; Berg et al. 2017; Ullah et al. 2021). A recent study by Teng et al. 100 

(2019) demonstrated that prescribing soil moisture deficits over select CONUS domains led 101 

to circumglobal circulation changes that produced a robust, non-local climate response. In 102 

their AGCM experiments, diabatic heating anomalies generated by a prescribed deficit in 103 

summertime soil moisture excited stationary wave anomalies that resembled waveguide 104 

teleconnection patterns (Branstator 1990, 2002). On average, these non-local effects manifest 105 

as a hemispheric scale stationary wave train in the midlatitudes, including an anomalous high 106 

over the Pacific Northwest that matches the stationary wave response in similar experiments 107 

performed by Koster et al. (2016). With the aid of a stationary wave model, Koster et al. 108 

(2016) further confirmed that the diabatic heating anomalies attributed to rainfall deficits over 109 

CONUS land surfaces replicated the stationary wave response in the AGCM. It is notable that 110 

the contemporaneous temperature anomalies associated with the summertime wave train 111 

identified by Koster et al. (2016) and Teng et al. (2019) resemble the pattern of summertime 112 

temperature variability and associated fluctuations in geopotential height observed by Vargas 113 

Zeppetello et al. (2024). 114 

In this study, we perform an ensemble of soil moisture depletion experiments to 115 

understand the physical processes behind the Vargas Zeppetello et al. (2024) finding that 116 

springtime soil moisture anomalies in the Southwest US cause non-local summertime 117 

temperature and precipitation anomalies throughout the Western US via soil moisture 118 

induced atmospheric teleconnections.  119 

2. Methods 120 

a. CESM2 soil moisture depletion experiments 121 

We utilize the Community Earth System Model (CESM2; Danabasoglu et al. 2020) in an 122 

atmosphere/land-only configuration with prescribed phenology and pre-industrial forcings to 123 

isolate the physical mechanisms without the confounding influences of SST coupling and 124 

anthropogenic warming. The land and atmospheric components of CESM2 are the 125 

Community Land Model Version 5 (CLM5; Lawrence et al. 2019) and the Community 126 

Atmosphere Model Version 6 (CAM6), respectively. In place of a coupled ocean model, the 127 

CAM6 atmosphere in our experiments is forced by prescribed monthly mean SST sea ice 128 
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climatologies taken from the fully coupled CESM2 pre-industrial (PI) control run; 129 

simulations use PI (1850) CO2 levels of 285 ppm. We run this configuration, hereafter 130 

referred to as “CAM6-PI,” at 0.9º x 1.25º resolution to obtain monthly output of relevant 131 

climate variables. 132 

 133 

Fig. 2. Depth-weighted volumetric soil moisture content of the top three model layers (~9 cm) in the 134 
CLM restart files for March 1 of (left) an example control run year and (right) a Southwest US depletion 135 
experiment run in the same year. 136 

Using CAM6-PI as a starting point, we instantaneously deplete soil moisture over a 137 

specified domain by modifying the soil liquid water field within the CLM restart files. In our 138 

experiments, we set the soil liquid water content of the top three model layers (~9 cm) to zero 139 

on March 1st of each simulation year for all land grids in the Southwest US, between 108-140 

120ºW and 30-38ºN (Fig. 2). We chose to only modify the initialization of the land surface, 141 

rather than prescribe soil moisture deficit over a longer period (as was done in the Koster et 142 

al. (2016) and Teng et al. (2019)) to represent the observed effects of anomalously low 143 

wintertime precipitation on spring soil moisture in the Southwest US (Fig. 1a). When directly 144 

compared to a control run advanced with the same restart files (i.e., all else being equal), our 145 

experiment isolates the impact of anomalously dry land surfaces in the Southwest US on 146 

global climate over the timescales we are interested in—from the start of spring until 147 

summer.  148 

The weak relationships between summertime temperature and spring soil moisture in 149 

CESM2 (c.f. Fig. 1b, 1f) motivated our use of what we thought would be a strong, idealized 150 

forcing at the start of the experiment to achieve the desired summertime response. However, 151 
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following this initial shock, soil moisture recovers fairly rapidly (Supplementary Figure S1). 152 

However, Furthermore, Vargas Zeppetello et al. (2024) showed seasonal mean surface soil 153 

moisture variations are coherent with soil moisture variations at depths up to 50 cm which 154 

suggests soil moisture anomalies at deeper layers are also important for land-atmosphere 155 

coupling. Integrating the soil moisture anomalies over the top 58 cm of the model, we find 156 

our soil moisture depletion amounts to a modest March average soil moisture deficit of 1.2σ 157 

anomaly relative to the model’s typical year-to-year variations in March 58 cm soil moisture 158 

over the Southwest US. This year-to-year variability is represented well by the model (σmodel 159 

= 0.018 mm3/mm3, σobs = 0.016 mm3/mm3). The propagation of anomalies into deeper layers 160 

is evidence of vertical soil water transport in our experiments, which is governed by the one-161 

dimensional Richards equation in CLM with parameters from observational estimates 162 

(Dingman 2002; Lawrence and Slater 2008). 163 

To remove the influence of internal variability on our results, we examine an ensemble of 164 

soil moisture depletion experiments, each with a unique initial state. We create the ensemble 165 

by duplicating the restart files from a 108-year CAM6-PI control run. Then, in each March 1st 166 

restart file, we deplete the soil moisture in the Southwest domain (as above) and run the 167 

model for six months to the end of August, resulting in 108 soil depletion experiments. Each 168 

year of the experiment is initialized with the corresponding CAM6-PI year restart file, such 169 

that there is no signal of the current experiment year in the subsequent experiment year. All 170 

the results we present show evolution of the ensemble-mean difference between the control 171 

run and experiment, averaged across all 108 simulations, to yield the forced response to the 172 

soil moisture depletion under a variety of initial conditions. In general, the statistical 173 

significance of an anomaly is proportional to its magnitude (indicated by color) and darkly 174 

colored regions are statistically significant at p < 0.10. 175 

b. Observational data sources 176 

To compare the results of our modeling experiment with observation-based data, we 177 

obtain monthly mean 2-m temperature and 500 mb geopotential height from ERA5 (Hersbach 178 

et al., Accessed on 17-07-2025). We analyze these atmospheric variables alongside monthly 179 

averaged soil moisture values from 1992-2023, which are computed from daily satellite 180 

measurements from version 7 of the European Space Agency’s Climate Change Initiative 181 

(CCI; Dorigo et al. 2017).  182 
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Figure 1, which was reproduced from Vargas Zeppetello et al. (2024), uses ESA CCI soil 183 

moisture from 2001-2020 and in-situ soil moisture from the International Soil Moisture 184 

Network (ISMN; Dorigo et al. 2021, shown in circles), station-based precipitation data from 185 

CRU TS (1981-2020; Harris et al. 2020), and temperature reconstructions from Berkeley 186 

Earth (1850-2021; Muller et al. 2014).   187 

  188 
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3. Near-surface temperature response 189 

 190 

Fig. 3. March-June changes in (top) average (center) minimum and (bottom) maximum daily 2-m 191 
temperature as a result of March Southwest US soil moisture depletion, averaged across 108 ensemble 192 
members. 193 

As a result of depleting surface soil moisture over the Southwest US at the start of March, 194 

we find warming in the Western US (WUS) across the average, minimum, and maximum 195 

daily near-surface temperature fields in May-June (right two columns in Fig. 3). The daily 196 

average temperature anomalies in May are roughly +0.3ºC over the Pacific Northwest while 197 

the daytime maximum temperature anomaly is as high as +0.6ºC over some grid cells. By 198 

June, warming becomes more widespread, extending over most of the WUS region and with 199 

an average temperature anomaly of +0.2ºC. The spatial pattern of warming in our 200 

experiments is consistent with observations of the WUS-STP, which also manifests most 201 

prominently over Southern Idaho and surrounding regions (cf. Fig. 1d with 3d). However, 202 
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unlike the WUS-STP, the warm anomalies fade in July and are entirely absent later in the 203 

summer (not shown).  204 

 205 

Fig. 4. March-June changes in surface (top) latent and (bottom) sensible heat flux (both positive 206 
upwards) as a result of March Southwest US soil moisture depletion, averaged across 108 ensemble 207 
members. 208 

 209 

Fig. 5. As in Fig. 4, but for changes in net surface (top) shortwave and (bottom) longwave radiation 210 
(both positive downwards). 211 
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To explain the May-June temperature response, we analyze the relevant components of 212 

the surface energy budget (Figs. 4 and 5). Although early summer warming coincides with an 213 

increase in upward surface sensible heat flux over the Northwest US (Fig. 4g,h), there is only 214 

a weak accompanying decrease in upward latent heat flux that would link warming to 215 

changes in evaporative fraction (Fig. 4 c,d). Instead, we find a pronounced increase in net 216 

downwelling surface shortwave over the northern portion of our domain, particularly in May, 217 

that is spatially coincident with the temperature response (Fig. 5c, d; third columns of Fig. 4); 218 

this increase in solar heating is accompanied by a slightly weaker increase in surface 219 

upwelling longwave radiation that is consistent with the positive surface temperature 220 

anomaly. Over the central portion of our domain, we find the opposite to be true: solar 221 

heating and net upward surface longwave emission both decrease at the surface, which is 222 

consistent with the slight cooling in May (Fig. 3). The surface sensible heat flux also appears 223 

to decrease directly southeast of the warming, but this signature is interrupted by the 224 

lingering bounds of the soil moisture depletion patch imposed over the Southwest US (Fig. 225 

4g). 226 

Surprisingly, the daily average temperature decreases in March over the Southwest US by 227 

more than 0.8ºC where soil moisture was depleted (Fig. 3), despite sharp Bowen ratio 228 

changes in Figure 4 that would suggest the opposite (warming). We reconcile this finding by 229 

noting that the adiabatic cooling that is associated with the large-scale response in the second 230 

half of the month is greater than the daytime diabatic heating associated with the shift in the 231 

Bowen ratio due to soil moisture depletion (see Sect. 5). There is also a small cooling 232 

contribution from surface albedo in the first half of the month due to drier soils being brighter 233 

in nature and in our experiments (Ångström, 1925; Supplemental Figure S2). The cooling is 234 

thermodynamically balanced by a decrease in top of model outgoing longwave radiation (not 235 

shown). 236 

4. Propagation of large-scale moisture anomalies 237 



 

12 

Manuscript under review at the Journal of Climate. 

 238 

Fig. 6. March-June changes in (top) 10 CM soil moisture and (bottom) 2-m relative humidity as a 239 
result of March Southwest soil moisture depletion, averaged across 108 ensemble members. Both 240 
anomalies are computed as a percentage relative to monthly mean climatologies obtained from the control 241 
run. 242 

Figure 6 shows the month-to-month evolution of surface soil moisture and low-level 243 

relative humidity anomalies in our experiments. Although we initially set soil moisture to 244 

zero at the start of March, soil moisture gradually increases over the Southwest US due to 245 

precipitation and snow melt (Fig. 6a-d). Across the six months of our experiment, the 246 

anomalies in surface soil moisture and low-level relative humidity appear to be correlated 247 

with one another (Fig. 6). From March to June, the surface soil moisture deficits initially have 248 

a strong impact on the overlying atmosphere and induce negative changes in low-level 249 

relative humidity over the Southwest that then appear to propagate northward to the Pacific 250 

Northwest by May. Unlike the temperature anomalies in our experiment, this pattern of soil 251 

moisture deficit persists well into July and August (not shown). 252 
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 253 

Fig. 7. Changes in (top) total cloud and (bottom) low cloud fraction as a result of March Southwest US 254 
soil moisture depletion, averaged across 108 ensemble members. 255 

To understand the aforementioned changes in surface shortwave radiation that drive the 256 

May-June warming in our experiments, we note that decreases in low-level relative humidity 257 

(Figs. 6e-h) are accompanied by changes in cloudiness, particularly in the low cloud fraction 258 

(Figs. 7c,d,g,h). The albedo of low clouds is the primary contributor to the shortwave cloud 259 

radiative effect, and the decreases in low cloud fraction in May-June align with the areas of 260 

increased net downwelling shortwave in Figure 5c,d. These results confirm that changes in 261 

atmospheric moisture and cloudiness, not evaporative fraction, are what drive May-June 262 

warming in our experiment.  263 

 264 

Fig. 8. Changes in total monthly precipitation as a result of March Southwest US soil moisture 265 
depletion, averaged across 108 ensemble members. 266 

Total precipitation in the Northwest US also decreases in the experiment during April-267 

June where there are coincident large-scale deficits in low-level relative humidity and 268 
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cloudiness (Fig. 8). The resulting pattern of precipitation anomalies in the northern domain in 269 

May-June is similar to the observed precipitation anomalies in summertime associated with 270 

springtime soil moisture deficits (cf. Fig. 8c, d with Fig. 1c). In May, positive precipitation 271 

anomalies appear over the Southwest and continue into June, which was also noted in 272 

observations (Fig. 1c). These increases in precipitation are accompanied by increases in cloud 273 

cover and, to some extent, relative humidity (despite a persisting surface soil moisture 274 

deficit). A recent study by Cleveland et al. (2025) found that early spring soil moisture 275 

deficits over the Colorado Plateau, which overlaps with our depletion region, are associated 276 

with an earlier North American Monsoon (NAM) onset and increased summertime 277 

precipitation over the Southwest US in reanalysis data. That we find similar relationships 278 

between early spring soil moisture anomalies and late spring atmospheric moisture over the 279 

Southwest US in our experiments is further evidence that the simulated teleconnection has 280 

some relevance to the real world. 281 

The propagation of large-scale moisture anomalies from the Southwest US to Pacific 282 

Northwest from March to early summer in our experiments is strong evidence of 283 

teleconnection-like behavior which must be initiated by soil moisture variations, which raises 284 

the question: What drives changes in atmospheric circulation to provide a pathway for these 285 

soil moisture teleconnections? 286 

5. Circumglobal circulation changes 287 

 288 

Fig. 9. March-June changes in (top) 300 and (bottom) 700 hPa geopotential heights as a result of 289 
March Southwest US soil moisture depletion, averaged across 108 ensemble members. Stippling indicates 290 
where the anomalies are significant at the 90% confidence level, based on a paired t-test. 291 
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To understand the large-scale response and connect March surface soil moisture deficit to 292 

subsequent changes in atmospheric moisture that appear in the Western US in April-June, we 293 

follow Koster et al. (2016) and Teng et al. (2019) and document the atmospheric circulation 294 

response to the soil moisture depletion. During spring, we find circumglobal changes that are 295 

vertically coherent throughout the troposphere (Fig. 9). Geopotential height anomalies in 296 

March and May form a nearly zonal pattern of alternating highs and lows in the midlatitudes 297 

that resembles a Rossby wave train. In March, a quasi-stationary high appears just off the 298 

West Coast of the US that deepens and extends north to form a meridional dipole stradling 299 

the west coast of North America in April. In May, a high-pressure anomaly over the Pacific 300 

Northwest coincides with large-scale warming and deficits in humidity, precipitation, and 301 

cloud fraction (Figs. 6g, 8c, and 6c), which persists into June but only aloft (Fig. 9d). The 302 

pattern of circulation anomalies in May-June (and the associated temperature and 303 

precipitation anomalies in Figs. 3cd, 8cd) strongly resemble the circulation responses to 304 

summertime moisture deficits previously demonstrated by Koster et al. (2016) and Teng et al. 305 

(2019) as well as observations of the summertime circulation anomalies associated with the 306 

WUS-STP (Vargas Zeppetello et al. 2024). As in their studies, decreased precipitation 307 

consistent with the upper-level positive height anomaly over the Northwest US drives near-308 

surface drying and warming in May-June of our experiments. Earlier reductions in 309 

precipitation and cloudiness during April likely result from the blocking effect of the east-310 

west dipole in height anomalies flanking the west coast of Canada and the reduction in the 311 

westerlies farther offshore along 45ºN, which acts to disrupt the supply of moisture from the 312 

Pacific to the California coast. This suggests that the drying of the soil moisture in May-June 313 

(Fig. 6) is forced by, rather than driving, the changes in precipitation and humidity aloft. 314 

From June onwards, the positive geopotential height anomalies weaken considerably and 315 

dissipate, along with the positive temperature anomalies, in late summer (not shown). 316 
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 317 

Fig. 10. Hovmöller diagram of March 3-hourly changes in Z500 following Southwest US (outlined) 318 
soil moisture depletion on March 1st, averaged from 40º-60ºN over 50 ensemble members. 319 

Figure 10 presents the time evolution of the 500 mb geopotential height anomalies 320 

averaged between 40º-60ºN during the first month of the experiment as a Hovmöller diagram. 321 

Two weeks after the instantaneous depletion of surface soil moisture on March 1st, a nearly 322 

stationary wavenumber 4 Rossby wave sets in with a low center over the western US 323 

(~130ºW-90ºW); it takes a little over two weeks for the large-scale pattern to set up and 324 

become quasi-stationary, which is consistent with the two-week timescale Teng et al. (2019) 325 

found in their study.  326 

Previous work by Branstator (1990, 2002) provides a framework for understanding how 327 

local heating sources can excite quasi-stationary wave anomalies within a linear barotropic 328 

vorticity model. Recent studies from Koster et al. (2016) and Teng et al. (2019) demonstrated 329 

that sensible heating over dry CONUS surfaces produces positive diabatic heating anomalies 330 

that are capable of instigating these circulation patterns. However, those studies focused on 331 

the contemporaneous circulation response to extended (i.e., 1-3 month) summertime soil 332 

moisture deficits prescribed over the Great Plains region and entire Western US domain. To 333 

explain the circulation response to a springtime soil moisture deficit in the Southwest US that 334 
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we find in our experiment, we examine the evolution of the overlying atmosphere during the 335 

first month of the experiment. 336 

 337 

Fig. 11. Vertical changes in March 3-hrly temperature during (a) the first half and (b) the second half 338 
of the month following Southwest US soil moisture depletion on March 1st, averaged over the Southwest 339 
US depletion region for 50 ensemble members. 340 

 341 

Fig. 12. Vertical changes in March 3-hrly vertical velocity (omega) in pressure coordinates during (a) 342 
the first half and (b) the second half of the month following Southwest US soil moisture depletion on 343 
March 1st, averaged over the Southwest US depletion region for 50 ensemble members. 344 

Earlier in Section 3, we noted that the Southwest US experienced near-surface averaged 345 

cooling in the March monthly mean of our experiments (Fig. 3a). When we examine the 346 

composite time series of March air temperature anomalies averaged over the Southwest US, 347 

however, we find anomalously warm and rising air in the daytime that extends throughout the 348 

troposphere during the first half of the month (Figs. 11a, 12a, S3a, S4a). In the two weeks 349 

immediately following surface soil moisture depletion, temperatures warm by approximately 350 

0.2-0.6ºC from the surface up to 600 hPa, with the strongest warming occurring near the 351 

surface during the daytime (Fig. 11a). The negative 𝜔 anomalies extend upwards to about 352 

400 hPa (Fig 12a.). At around the two-week mark, the overlying atmosphere gradually 353 

becomes dominated by the deep, larger scale motions driven by the circulation response (c.f. 354 
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Fig. 10)—which, again, is consistent with the timescales displayed in previous studies. The 355 

negative temperature anomalies in the second half of the month (Fig. 11b, S3b, S3d) are 356 

associated with upward vertical motion (𝜔 < 0; Fig. 12b, S4b, S4d), which is indicative of 357 

adiabatic cooling of the troposphere over the Southwest US. The shift from localized heating 358 

in the first half of the month to large-scale cooling is summarized in Figure 13, which shows 359 

the vertical profile of daytime (Fig. 13a, b) and nighttime (Fig. 13c, d) temperatures over the 360 

Southwest US. We hypothesize that the stretching associated with daytime warming in the 361 

first half of the month provides a vorticity source that is responsible for the low that forms 362 

over the Southwest US (Fig. 9a, e; 10) in the second half of the month, and that the large-363 

scale circumglobal circulation response is shaped by the climatological waveguide.  364 

 365 

Figure 13. Vertical changes in early (left) and late (right) March daytime (top) and nighttime (bottom) 366 
vertical velocity (omega) as a result of March Southwest US soil moisture depletion, averaged across the 367 
latitudes of the depletion region (30-38ºN) over 50 ensemble members. 368 

 369 

6. The amplitude of the simulated response compared to observations 370 
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The hypotheses motivating our study are primarily based upon our knowledge of the 371 

WUS-STP from observations (Vargas Zeppetello et al. 2024). While it is difficult to make 372 

direct comparisons between the results of our instantaneous forcing and the real-world MAM 373 

soil moisture deficits associated with the WUS-STP, we find strong evidence that the 374 

teleconnections and processes acting to produce early summer temperature anomalies in our 375 

experiment are also relevant to producing the pattern of observed summertime temperature 376 

anomalies in the Western US.  377 

To evaluate the amplitude of the simulated response to a March soil moisture perturbation 378 

against observations, we first create an index of March soil moisture in the Southwest US by 379 

averaging detrended satellite measurements of soil moisture over the depletion region in our 380 

experiments (see Methods). Following Koster et al. (2016), we then standardize the soil 381 

moisture anomalies before regressing them upon observations of summertime temperature 382 

and circulation. Vargas Zeppetello et al. (2024) demonstrated that MAM soil moisture 383 

anomalies in the Western US are well-correlated throughout the soil column, down to a depth 384 

of 50 cm; in our depletion experiments, we find that climatological March 50 cm soil 385 

moisture is reduced by ~1.2σ on average over the Southwest US. To be consistent in our 386 

comparison between observed and simulated amplitudes, we scale the observed response to 387 

reflect a 1.2σ reduction in Southwest US March 50 cm soil moisture. In the following 388 

comparisons, we focus on assessing the simulated response in May-June since, unlike in the 389 

modeling experiments, it is not possible to extract the contemporaneous atmospheric 390 

circulation response to soil moisture anomalies in March from the atmospheric circulation 391 

that produced the soil moisture anomalies. We also focus on the maximum features of the 392 

observed and simulated responses; to compare their amplitudes, we average over the subset 393 

of the Western US domain where circulation anomalies are statistically significant in each 394 

dataset (Fig. 14). 395 
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 396 

Fig. 14. (a) May-June 500 mb geopotential heights (Z500) from ERA5 regressed upon high pass-397 
filtered March average soil moisture across the Southwest US depletion domain from ESA CCI. (b) The 398 
May-June Z500 change in our depleted soil moisture experiments. Stippling indicates where anomalies and 399 
regression coefficients are significant at the 90% confidence level. Anomalies in (a) are scaled to match the 400 
1.2σ reduction in 50 cm Southwest US March soil moisture generated by our experiment.  401 

When we regress May-June 500 mb heights (Z500) from ERA5 against our standardized 402 

soil moisture index, we observe (scaled) circulation anomalies that resemble, but are stronger 403 

than, the simulated response. In observations, a 1.2σ reduction in Southwest US March soil 404 

moisture is associated with an average May-June 500 mb geopotential height anomaly of 405 

+10.4 m over the Western US (Fig. 14a, outlined domain). In contrast, Z500 only increases 406 

by an average of 4.5 m over the Western US in May-June of our experiments (Fig. 14b, 407 

outlined domain). This suggests that the amplitude of the simulated circulation response may 408 

be too weak in the model—despite it reproducing the position of the WUS high pressure 409 

anomaly. Similarly, Koster et al. (2016) also reported that the circulation response to 410 

prescribed soil moisture anomalies was weaker in their model than in nature. Although we 411 

are primarily focused on the model’s ability to reproduce the observed Western US pattern, 412 

we note that there are key similarities between the observed and simulated response 413 

elsewhere in our experiments—particularly over the North Atlantic (high) and Western 414 

Europe (low). Farther away from the source region, however, these similarities gradually 415 

disappear, as expected. The pattern correlation between the observed and simulated 500 mb 416 

geopotential height anomalies is r=0.40 between 40-60ºN in the Western Hemisphere and 417 

r=0.08 across all longitudes.  418 
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 419 

Fig. 15. (a) May-June 2-m air temperature from ERA5 regressed upon high pass-filtered March 420 
average soil moisture across the Southwest US depletion domain from ESA CCI. (b) The May-June 2-m 421 
air temperature change in our depleted soil moisture experiments. Anomalies in (a) are scaled to match the 422 
1.2σ reduction in 50 cm Southwest US March soil moisture generated by our experiment. 423 

Finally, we compare the amplitude of the simulated temperature response to observations 424 

by regressing May-June temperature from ERA5 upon the March soil moisture index. From 425 

Figure 15a, we expect May-June temperatures to warm by an average of 0.32ºC over the 426 

Western US (outlined) in response to a 1.2σ reduction in Southwest US March soil moisture 427 

in observations. Our experiments, however, only simulate ~66% of the observed temperature 428 

response (0.21ºC; Fig. 15b).  429 

Given our hypothesis that circulation changes drive May-June warming in our 430 

experiments, that a weak circulation response would also lead to weak temperature anomalies 431 

is consistent with our understanding of the processes that modulate summertime temperature 432 

variability over the Western US. We note that the relationship between Western US 433 

summertime warming and springtime soil moisture anomalies in the five other CMIP6 434 

models analyzed by Vargas Zeppetello et al. (2024) was also considerably weaker than in 435 

observations. While identifying model processes leading to this bias is beyond the scope of 436 

this paper, we hypothesize that the weak amplitudes of the circulation and temperature 437 

anomalies in early summer are related to the weaker persistence in the simulated response 438 

compared to that in observations.  439 

7. The persistence of the simulated response 440 
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 441 

Figure 16. Changes in JJA (a-c) 2-meter temperature (d-f) 10 cm soil moisture (g-i) 2-meter relative 442 
humidity (j-l) total monthly precipitation as a result of March Southwest US soil moisture depletion, 443 
averaged across 108 ensemble members. 444 

In the previous section, we hypothesized that an insufficiently large circulation response 445 

would produce a weaker and, subsequently, less persistent simulated temperature response. 446 

The weak temperature response in our experiments is consistent with the weaker relationships 447 

between summertime JJA temperature and springtime MAM soil moisture variability 448 
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previously found in CESM2 (c.f., Figure 1b, 1f). Here, we present a few additional processes 449 

that could influence and explain its persistence. 450 

Koster et al. (2016) introduced a framework for understanding how feedbacks between 451 

circulation anomalies (high pressure), surface meteorological anomalies (warming and 452 

drying), and diabatic heating anomalies (sensible heating) act to enhance and sustain the 453 

initial atmospheric response to soil moisture anomalies. To explain the discrepancy between 454 

the magnitude of the simulated and observed responses in their study, they hypothesized that 455 

these land-atmosphere feedbacks were too weak in the model they used. In our experiments, 456 

we find that soil moisture anomalies in the Northwest US do persist into late summer unlike 457 

the temperature response (Figure 16a-c, d-f). Furthermore, these soil moisture anomalies 458 

drive changes in surface sensible (positive) and latent (negative) heat flux in an area that 459 

aligns with the observed summertime temperature pattern (Figure 17a-f). This is strong 460 

evidence that our model does simulate the correct teleconnection, but the feedbacks between 461 

surface fluxes and circulation anomalies in late summer may be too weak in CESM2—462 

leading to a short-lived temperature anomaly. 463 
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 464 

Figure 17. Changes in JJA surface (a-c) latent heat flux (d-f) sensible heat flux (g-i) net downwelling 465 
shortwave (j-l) net upwelling longwave as a result of March Southwest US soil moisture depletion, 466 
averaged across 108 ensemble members. 467 

In addition to the aforementioned positive feedbacks, we also note that drying over the 468 

WUS-STP region is accompanied by an increase in net upward longwave radiation at the 469 

surface during July-August (Figure 17j-l). Decreases in surface evaporation decrease 470 

atmospheric water vapor, resulting in a weaker greenhouse effect that promotes greater 471 

longwave cooling to space (Laguë et al. 2021, 2023). This longwave cooling is a negative 472 
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feedback that offsets the increases in sensible heating from surface drying, also contributing 473 

to a weaker overall temperature response in our experiments. 474 

Lastly, Vargas Zeppetello et al. (2024) found that the circulation anomalies associated 475 

with summertime warming in observations drive a weak SST response in the central North 476 

Pacific. Hence, prescribing climatological SST in our experiments amounts to a dampening 477 

of the circulation anomalies that may have otherwise persisted into late summer. Future work 478 

may want to consider conducting these experiments in a model with coupled SSTs. 479 

8. Conclusion 480 

In this study, we explored the potential for regional springtime soil moisture variations to 481 

produce distal teleconnections in summertime temperature and precipitation through land-482 

atmosphere interactions. Building from observations that connect anomalously warm and dry 483 

conditions in summer in the Western US to deficits in springtime soil moisture in the 484 

Southwest US, we performed an ensemble of experiments using the CESM2 and set the near-485 

surface soil moisture in the Southwest US to zero on March 1st each year. As a result, we 486 

found: 487 

I. In March: Reductions in surface latent heat flux over the Southwest US persist to 488 

drive daytime diabatic heating anomalies that extend into the upper troposphere 489 

during the first half of the month, exciting a large-scale (circumglobal) quasi-490 

stationary wave response. 491 

II. From late March-May: The circumglobal circulation response gives rise to large-492 

scale deficits in precipitation, near-surface relative humidity, and cloudiness over 493 

the Western United States. 494 

III. In May-June: Decreases in low-cloud fraction promote widespread warming that 495 

begins in the Pacific Northwest through the shortwave cloud radiative effect. 496 

Warming is accompanied by Northwest US surface soil moisture deficits that 497 

persist into late summer. 498 

In summary, we have demonstrated a new pathway for springtime soil moisture 499 

anomalies to have a non-local impact on summertime climate in the Western US. Our results 500 

are generally consistent with the observed relationships between springtime soil moisture 501 

variations in the Southwest US and summertime temperature and circulation anomalies 502 

across the Western US (Vargas Zeppetello et al., 2024). However, the amplitudes of the 503 
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simulated temperature and circulation responses in early summer are weaker than observed 504 

variations associated with a comparable reduction in Southwest US MAM soil moisture, 505 

which may also negatively impact persistence. To explain this behavior, we showed how 506 

model biases, fixed SSTs, and negative feedbacks could all contribute to the diminished 507 

temperature and circulation response in July-August of our experiments. 508 

Though the results of our experiments demonstrate that soil moisture deficits over the 509 

Southwest US in March cause May-June warming across the Western US, there are a few 510 

aspects of the proposed pathway that merit further investigation. First, we would like to 511 

investigate the relationship between the amplitude and persistence of the summertime 512 

temperature and circulation anomalies to the depth, magnitude, and sign of the initial soil 513 

moisture anomaly imposed in springtime. Results from sensitivity studies performed by Teng 514 

et al. (2019) whereby soil moisture anomalies of various amplitudes and depths were imposed 515 

throughout the summer suggest that the pattern of circulation anomalies simulated in our 516 

experiments will be relatively insensitive to these details, but that the amplitude of the 517 

response would scale linearly with the strength of the soil moisture anomaly. Second, we 518 

would like to perform wave activity and vorticity budget analyses to better understand how 519 

the atmospheric circulation anomalies develop in March and continue to evolve in April in 520 

response to March soil moisture deficits to produce the pattern of highs and lows in May. 521 

Finally, we would like to test whether other climate models reproduce our results in CESM2. 522 

Given that the five other CMIP6 models analyzed by Vargas Zeppetello et al. (2024) 523 

displayed similar relationships between springtime soil moisture and summertime 524 

temperature in their free-running simulations, there is reason to expect consistent 525 

representation of the WUS-STP and the physical processes that drive it across climate 526 

models. 527 

The presence of soil moisture teleconnections in the Western US extends our 528 

understanding of the spatial and temporal scales of land-atmosphere interactions. Our finding 529 

that springtime soil moisture deficit in the Southwest US leads to summertime warming and 530 

drying across the Western US can potentially be used to improve seasonal forecasts for the 531 

region and, more broadly, highlights the need for accurate land initialization schemes within 532 

operational models. Moving forward, we are interested in using our methodology to identify 533 

similar, teleconnection-like patterns in other regions where antecedent soil moisture 534 

conditions may have non-local impacts on climate.  535 
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Supplemental Figures 

Figure S1: Timeseries of MAM soil moisture in the upper 9 cm of soil in our experiments 
(orange), control run (blue), and observations (black).  

 

Figure S2: Changes in surface albedo as a result of March Southwest US soil moisture depletion, 
averaged across 108 ensemble members. 

 

  



Figure S3: Early (left) and late (right) March changes in daytime (top) and nighttime (bottom) 2-
m temperature as a result of March Southwest US soil moisture depletion, averaged across 50 
ensemble members. 

 

Figure S4: Vertical changes in early (left) and late (right) March daytime (top) and nighttime 
(bottom) vertical velocity (omega) as a result of March Southwest US soil moisture depletion, 
averaged across the latitudes of the depletion region (30-38ºN) over 50 ensemble members. 

 

  



Figure S5: (a) May-June cloud fraction from MODIS COSP (Pincus et al. 2023) regressed upon 
high pass-filtered March average soil moisture across the Southwest US depletion domain from 
ESA CCI. (b) The May-June change in cloud cover in our depleted soil moisture experiments. 
Anomalies in (a) are scaled to match the 1.2σ reduction in 50 cm Southwest US March soil 
moisture generated by our experiment. 
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