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Abstract 25 

 26 

The 1993 US Midwest summer flood occurred in a year marked by a number of apparently 27 

disparate climate extremes including an unusually cold spring Pacific warm pool, a record deep 28 

spring Aleutian Low, and record wet conditions that spanned the Northern Hemisphere middle 29 

latitude land areas during June and July.   Here we provide a dynamical framework that links 30 

these extremes and accounts for the uniqueness of the Midwest flooding event.  In particular, we 31 

show that the deep springtime Aleutian low was part of a wave response forced by unusually 32 

strong precipitation/heating anomalies in the equatorial Pacific just west of the dateline –heating 33 

that was linked to the unusually cold Pacific warm pool juxtaposed to the east with positive SST 34 

anomalies tied to a weak but unusually timed El Niño event.  The deep springtime Aleutian low 35 

in turn produced unusually cold summer North Pacific SSTs and set the stage for the summer’s 36 

eddy-driven enhancement of the middle latitude jet and unusually strong hemispheric-wide 37 

transient (baroclinic) wave activity.  The resulting transient vorticity forcing produced two 38 

pronounced stationary waves –one in June anchored over northern Eurasia, and another in July 39 

anchored over the Pacific/North American region, resulting in record precipitation anomalies 40 

over northwestern Eurasia and the Northern Great Plains, respectively. 41 

  42 
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 43 

1. Introduction 44 

In 1993 the Midwest U.S. experienced one of the worst flooding events on record.  Hundreds of 45 

levees along the Mississippi and Missouri Rivers failed, killing 50 people and causing more than 46 

$15 billion in damage1.   Precipitation totals were by far the largest of the 20th century for the 2, 47 

3, 4 and 12 month periods encompassing the 1993 summer (Kunkel et al. 1994), falling on near-48 

saturated soil moisture conditions that already existed throughout the flooding region at the end 49 

of March of that year (Climate Analysis Center, 1994). 50 

Bell and Janowiak (1995) carried out a comprehensive observational study of the circulation 51 

features that appear to have been key to the main flooding event during June and July.  They 52 

highlighted the importance of the late May intensification and eastward extension of the North 53 

Pacific jet and the July development of a persistent wave pattern over the western and central 54 

US.  While they suggested that the June/July flooding was largely the result of internal 55 

atmospheric variability, they did find observational evidence for a role for El Niño in producing 56 

an anomalous springtime North Pacific Pattern (NPP), which helped set the stage for the 57 

subsequent active June Pacific storm track. 58 

 59 

Numerous studies have addressed the underlying physical processes that caused the flooding.  60 

Mo at al. (1995) pointed to the importance of the enhanced transient eddy activity during late 61 

May and June that played a key role in strengthening the upper level jet over North America. 62 

Trenberth and Guillemot (1996) also found an important role of the jet stream which was 63 

displaced well south of the normal location, with high-frequency eddy activity in the Pacific-64 

North American storm track reinforcing the anomalous jet.  Liu et al. (1998), employing a linear 65 

stationary wave model, found that the 1993 summer circulation anomaly primarily resulted from 66 

transient vorticity forcing, in agreement with Mo et al. (1995).  They further found the impact of 67 

tropical diabatic forcing to be negligible.  Weaver et al. (2009) found that the Great Plains low-68 

level jet (GPLLJ) played an important role while soil moisture had only a marginal influence.  69 

They determined that both the North Atlantic Oscillation (NAO) and ENSO played a role, with 70 

 
1 https://www.livescience.com/7508-history-repeats-great-flood-1993.html 
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ENSO inducing much of the June large-scale circulation anomaly over the continental U.S. and 71 

North Atlantic, while the NAO’s influence was largest during July. 72 

 73 

While the above studies provide substantial insights into the causes of the 1993 floods, the 74 

sequence of events and the underlying dynamical mechanisms leading to the enhanced Midwest 75 

precipitation during June and July are still somewhat unclear.  Especially unclear is the role of 76 

tropical forcing, given that the El Niño event was rather weak2 and well past its peak by June and 77 

July.  While it is more likely that it played a role in setting up the spring precursor environment 78 

as suggested by Bell and Janowiak (1995), here too it is unclear how such a weak El Niño event 79 

produced such a strong spring extratropical response (a record NPP).  While there is general 80 

agreement that the transient eddies played a role, the changing nature, timing and location of 81 

their impacts during the course of the spring and summer is less well established.   82 

 83 

Also missing from previous studies is some assessment of the larger (hemispheric) scale context 84 

of the floods.  In particular, little if anything has been done to address the extent to which the 85 

underlying physical mechanisms that produced the Midwest floods also helped produce 86 

abnormally wet conditions throughout the middle latitudes of the Northern Hemisphere during 87 

that summer.  Finally, given that more than 30 years have passed since that flooding event, we 88 

can make a new assessment of just how unique (and extreme) that flooding event really was. 89 

 90 

Our focus is on June and July of 1993 – the two months during which the excessive Midwest 91 

precipitation anomalies were responsible for the most extreme flooding that occurred over the 92 

US Midwest.  An additional focus is on the springtime (March to May, MAM) anomalies that 93 

helped set the stage for the subsequent summer extreme circulation and precipitation anomalies.   94 

As described in Section 2, our approach to assessing the underlying forcings involves the use of 95 

atmospheric general circulation model (AGCM) experiments, supplemented with results from a 96 

stationary wave model (SWM) and coupled model retrospective seasonal forecasts.  Results are 97 

presented in Section 3, and conclusions are presented in Section 4.    98 

 99 

 
2 https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php 
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2. The Model Experiments 100 

 101 

a.  The GEOS AGCM and replay experiments 102 

The AGCM experiments (e.g., Schubert et al. 2019b; 2021) are conducted with the NASA 103 

Goddard Earth Observing System (GEOS) model (Molod et al. 2015) applying a “regional replay” 104 

approach, in which the atmosphere is constrained to remain close to the NASA Modern Era 105 

Retrospective-Analysis for Research and Applications, Version 2 (MERRA-2, Gelaro et al. 2017) 106 

over specified regions of the globe.  Simply put, within the defined replay region, the atmospheric 107 

state (in terms of the prognostic variables: temperature, specific humidity, horizontal winds, 108 

surface pressure) is forced to match the reanalysis during a simulation; outside of the replay region, 109 

on the other hand, the atmosphere is allowed to evolve freely.  We can thereby determine the 110 

remote impacts of the replay region’s behavior on the rest of the globe (e.g., Schubert et al. 2022; 111 

DeAngelis et al. 2023; Schubert et al. 2024). 112 

 113 

The model equations governing replay were outlined by Chang et al. (2019).  Their general form 114 

is:  
∂x

∂t
= f(x) +  ∆x, where ∆x = (analysis − forecast)/6hrs, and where f(x) captures the effects 115 

of all the model’s dynamics and physics terms.  We recompute ∆x every 6 hours but apply it at 116 

each time step, appropriately scaled.  The GEOS AGCM used here is basically the same as that 117 

underlying MERRA-2 except for two important features: (i) here we run it at a coarser horizontal 118 

resolution (approximately 1°, compared to 1/2° for MERRA-2), and (ii) our application of the 119 

AGCM includes a tendency bias correction (TBC) term, one that reduces some of the model’s 120 

long-term biases (Chang et al. 2019)3. 121 

 122 

Table 1 provides the details of our 45-member ensembles of AGCM replay runs, all of which are 123 

forced by observed SST.  This includes a set of runs without any replay region (referred to as no-124 

replay, NORPL) and another set in which the tropics is constrained (RPL_TR), addressing both 125 

the impact of SST and other potential tropical forcing.  Both NORPL and RPL_TR ensemble 126 

 
3The TBCs are essentially 6-hourly analysis increments (first guess forecast minus analysis) 

time-averaged over multiple decades.  The increments were obtained from MERRA-2 reanalysis 

data.  The TBCs are added with opposite sign as additional forcing terms to the model equations.  

See Chang et al. (2019). 
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members were initialized in 1981 and run through 2023.  Our choices for the remaining replay 127 

regions (central North Pacific: RPL_CNP; North America/North Atlantic: RPL_NA, and tropical 128 

central Pacific: RPL_TCP) address more localized potential forcing regions, as justified in 129 

subsequent sections.   To reduce the computational burden, these sets of 45-member replay runs 130 

(RPL_CNP, RPL_NA, and RPL_TCP) are much shorter in length -  they were initialized on either 131 

1 January 1993 or 30 Nov 1992 (see Table 1) and run through the summer of 1993.  However, in 132 

order to produce climatologies for those replay regions, a single ensemble member spanning 1991-133 

20204 was produced for each.  For consistency, the climatologies for both NORPL and RPL_TR  134 

were also based on a single ensemble member spanning those years. 135 

Table 1:  List of the AGCM experiments discussed in the text. All runs are forced with observed daily 136 

mean SST (see Gelaro et al. 2017 for details about the SSTs).  The perturbations to the initial conditions 137 

for each of the ensemble members were produced by taking the differences between two atmospheric 138 

states separated by one day, scaling those differences by 1/8, and adding them to (or subtracting them 139 

from) the initial state.  NORPL, RPL_TR and RPL_NA were initialized from MERRA-2, while 140 

RPL_CNP and RPL_TCP were initialized from NORPL.  Further information about that approach to 141 

perturbing initial conditions can be found in Schubert et al. 2019a. 142 

Name Time period Replay region Ensemble 

members 
NORPL 1981-2023 none 45 

RPL_TR 1981-2023 Tropics: 25°S-25°N 45 

RPL_CNP 1 Jan 1993 – 31 Aug 1993  Central North Pacific: (25°N-

70°N, 150°E-150W°) 

45 

RPL_NA 30 Nov 1992 – 31 Aug 1993 North America/North Atlantic: 

(25°N-70°N, 90W°-30W°) 

45 

RPL_TCP 1 Jan 1993 – 31 Aug 1993 Tropical Central Pacific: 25°S-

25°N, 150E°-150W°) 

45 

 143 

 144 

b. The Stationary Wave Model Experiments 145 

Simulations with a stationary wave model (SWM) were used to isolate further the relevant 146 

forcing regions and thereby help us understand the replay results.  The SWM is essentially the 147 

 
4 For computational efficiency, each year of the climatology was run as a separate simulation, 

initialized on May 31 of the prior year (year -1) and run through the end of that year (year 0).  
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dry dynamical core of a full AGCM; a rhomboidal wavenumber-30 truncation is used in the 148 

horizontal, and 14 unevenly spaced  levels are used in the vertical (Ting and Yu 1998). 149 

 150 

Our analysis will focus on numerous SWM simulations performed with imposed idealized 151 

heating or vorticity sources (following the examples of Schubert et al. [2011] and DeAngelis et 152 

al. [2023]).  The idealized heat or vorticity forcing is imposed at forcing locations spaced every 153 

10° longitude and 5° latitude across the globe (one location per simulation).  These idealized 154 

forcing sources have a sine-squared functional spatial structure; for vorticity, a horizontal scale 155 

of 10° longitude by 10° latitude is applied, whereas for heat, the applied scale is 40° longitude by 156 

10° latitude.  Regarding the imposed forcing’s vertical structure (see Liu et al 1998), that for 157 

vorticity peaks in the upper troposphere (with a value of ~5.4 x 10-10 s-1) and that for the heating 158 

is highest in the middle troposphere (with a value of ~3.1°K day−1).   159 

 160 

To summarize such a large collection of simulations in a way relevant to the observed circulation 161 

anomaly of interest, Schubert et al. (2024) describe an approach that identifies those forcing 162 

locations for which the response projects most strongly on our phenomenon of interest – our 163 

observed target anomaly pattern.   We refer to those identified forcing locations as a “forcing 164 

sensitivity map”, expressed as a vector (s).  In essence, the values in s represent the extent to 165 

which each SWM response (to either vorticity or heat forcing at a particular location) resembles 166 

the observed pattern.  This sensitivity map can provide insight into the forcing regions that are 167 

most relevant to a particular target anomaly.  We supplement this map with various MERRA-2-168 

based estimates of the actual forcings, noting that the most likely forcing for a particular 169 

observed circulation anomaly occurs where the actual forcing coincides with a region showing 170 

large sensitivity in the SWM-based map.   171 

 172 

Vorticity forcing is examined in terms of the transient vorticity flux convergence, which can be 173 

written as (Wang and Ting 1999; DeAngelis et al. 2023): 174 

 175 

  TFvor = −∇ ∙ 𝐕′𝜁′̅̅ ̅̅ ̅̅ .       (1) 176 

 177 
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Here, V is the horizontal wind vector, and  𝜁 is the vorticity.  The overbar represents a monthly 178 

mean, and primes represent instantaneous (6-hourly) deviations from that mean.  Typically 179 

associated with weather disturbances, this vorticity forcing has been shown (e.g., Schubert et al. 180 

2011, DeAngelis et al. 2023) to force northern midlatitude stationary Rossby waves.  We 181 

compute it here from MERRA-2 6-hourly data, applying an inverse Laplacian operator to better 182 

isolate, through spatial filtering, its broader aspects (e.g., Schubert et al. 2011).  Observed 183 

diabatic heating anomalies (derived from MERRA-2 data, as described in DeAngelis et al. 2023) 184 

are also examined here. 185 

 186 

c. The GEOS S2S V2 model seasonal forecasts 187 

We supplement our analysis with an examination of selected retrospective seasonal forecasts 188 

(hindcasts) performed with the GEOS S2S V2 coupled model (Molod et al. 2020). Chief 189 

components of this S2S system include the GEOS AGCM [Molod et al., 2015; Rienecker et al., 190 

2008], the Modular Ocean Model-5 (MOM5) ocean general circulation model [Griffies et al., 191 

2005; Griffies, 2012], and the Catchment land surface model [Koster et al., 2000]. The AGCM 192 

was run at a spatial resolution of  ~0.5°, with 72 hybrid sigma/pressure levels in the vertical, 193 

while the ocean model was run at ~0.5° spatial resolution, using 40 vertical layers extending to a 194 

depth of 4500 m.   195 

 196 

GMAO seasonal forecasts are initialized on a fixed set of calendar dates, five days apart 197 

beginning on 1 January.  For the retrospective seasonal forecasts, the start dates form a lagged 198 

ensemble of four for any month.  After 2016 (when the system started producing real-time 199 

forecasts), we use only the unperturbed forecasts initialized every five days (despite the larger 200 

ensemble size) to be consistent with the earlier retrospective forecasts.  The climatology used to 201 

compute anomalies is based on forecasts spanning 1991–2020. Further details about the forecast 202 

procedure and initial conditions can be found in Molod et al. (2020).   203 

 204 

 205 

 206 

 207 

 208 
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3. Results 209 

We begin in Section 3a with a brief review of the observed 1993 spring and summer anomalies, 210 

together with an assessment of just how unusual those anomalies were.  Section 3b examines the 211 

development of the 1993 MAM anomalies, focusing on the results from the GEOS AGCM 212 

simulations, as well as some limited supporting results from the GEOS coupled model 213 

predictions.  Section 3c examines the subsequent development of the unusually strong summer 214 

(June/July) jet, including the feedbacks with transient and stationary wave activity.  We then 215 

look more closely at the causes of the main precipitation-producing circulation anomalies that 216 

developed over western Eurasia in June (Section 3c1) and over North America in July (Section 217 

3c2).   218 

 219 

a. The Observed Anomalies 220 

Figure 1 underscores the exceptional nature of the June/July 1993 precipitation anomalies in the 221 

NH extratropics.  In addition to the extreme precipitation that fell over the northern Great Plains, 222 

much of the land area (particularly in western Eurasia) between about 30°N and 60°N (Fig. 1a) 223 

was anomalously wet.  Figure 1b shows that 1993 had, by far, the largest positive June/July 224 

precipitation anomaly (averaged over land between 30°N-60°N) of the last four decades.   225 

  226 
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 227 

 228 

Figure 1: a) The 1993 June to July Northern Hemisphere precipitation anomalies. b) The zonal-229 

mean (land only) June to July precipitation averaged between (30°N-60°N) for 1981 through 2023. 230 

Units: mm day-1.   The precipitation data are from GPCP V2.3 (Adler et al. 2016).  The climatology 231 

used to produce the anomalies spans the years 1991-2020.  Images provided by the NOAA-ESRL 232 

Physical Sciences Laboratory, Boulder Colorado (Smith et al. 2014) from their Web site at 233 

https://psl.noaa.gov/.   234 

Some insight into the possible causes of the very wet conditions throughout the NH middle 235 

latitudes can be gained by examining the daily evolution of the 250 hPa meridional wind anomalies 236 

(left panel of Fig. 2).  Several remarkable changes in the character of the anomalies are outlined 237 

by the heavy black lines.  Overall, we see a general tendency for enhanced eastward (synoptic time 238 

scale) wave propagation (quantified in Section 3c), with two exceptional periods/regions for which 239 

more stationary disturbances clearly tend to develop.   The latter occurs over the western Eurasian 240 

region primarily during June (box b) and over North America during July (box e).  These 241 

circulation features are reflected in the precipitation anomalies (right panel of Fig. 2), where both 242 

the anomalous eastward propagation and the more stationary nature of the enhanced precipitation 243 

(over western Eurasia and North America) are clearly evident.  244 

 245 
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 246 

Figure 2: Left panel: Hovmoller (time/longitude) plot of the daily 250 hPa meridional wind (v-247 

wind, m/s) anomaly averaged between 35°N-70°N for the period May 15 to July 31, 1993. Right  248 

panel: Same as left panel but for precipitation (mm/day).  The heavy black lines serve to roughly 249 

highlight the times and longitudes (labeled a – e) of different behavior manifest in the v-wind 250 

anomalies with boxes (b) and (e) specifically encompassing the longitudes and times of quasi-251 

stationary behavior over western Eurasia during June, and North America during July, 252 

respectively.  The dashed lines in e indicate 90°W.  Results are from MERRA-2, though the 253 

precipitation used for verification is an observationally corrected product (Reichle et al. 2017).   254 

 255 

With an eye towards possible tropical connections to these extratropical anomalies (addressed in 256 

the following sections), we next look into the unusual state of the tropical Pacific SST during the 257 

1993 boreal spring and how that impacted the extratropics.   This is motivated by the observational 258 

study of Bell and Janowiak (1995) that pointed to the extreme positive phase of the North Pacific 259 
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pattern (NPP) during MAM5 as likely setting the stage for the extremely active Pacific storm track 260 

that eventually (in June) extended into the U.S., contributing to the wet conditions there. 261 

Fig. 3a shows that the overall pattern of the MAM 1993 SST anomalies were not dissimilar to 262 

those of an El Niño event, though the eastern tropical Pacific positive anomalies were rather weak, 263 

and the warm pool anomalies were unusually cold (the coldest of the last 4 decades – not shown).  264 

The warm eastern Pacific tropical SST anomalies in fact reflect a weak but unusually timed 265 

(peaked in May) El Niño that appears to have been initiated by a strong January 1993 MJO 266 

(Delcroix et. al. 2000; see also S1 showing the daily evolution of the SST and related tropical 267 

Pacific anomalies).  The 250 hPa height anomalies during that spring (Fig. 3b) were characterized 268 

by a pronounced negative anomaly in the North Pacific reflecting, in the upper troposphere, the 269 

extreme state of the NPP. 270 

To put the above SST anomalies in historical context, we show in Fig. 3c the time series of the 271 

MAM tropical Pacific SST averaged over the western Pacific minus the average over the eastern 272 

Pacific for the period 1981-2023.  We choose such an east/west difference metric with the 273 

understanding that changes in the SST zonal gradient are especially relevant for driving an 274 

atmospheric response (e.g., Lee et al. 2022).  Here we see that the largest negative values of the 275 

anomalous gradient occur during 1992 (an El Niño year) and 1993, reflecting in part the unusually 276 

cold warm pool that developed during those two years - apparently as a lingering impact of the 277 

June 1991 Pinatubo eruption (Ward et al. 2021).  Looking across the entire record, we see a general 278 

tendency for the anomalous gradient to be negative during the 1980s and 1990s, with a change to 279 

generally positive values after that.  This appears to reflect a climate shift that occurred in the 280 

Pacific SST during boreal spring in 1998-99 linked to a low frequency mode of variability 281 

resembling the Pacific Decadal Oscillation (Lyon et al. 2014).   282 

Fig. 3d shows the time series of the 250 hPa height anomalies averaged over a region spanning the 283 

North Pacific (see the box in Fig. 3b).  This region was chosen to be consistent with that used by 284 

Trenberth and Hurrel (1994) to define the North Pacific Index (NPI) – a simpler version of the 285 

NPP.  The spring of 1993 stands out as having the largest negative anomaly, although the negative 286 

 
5 The NPP pattern in Bell and Janowiak (1995) is based on a rotated principal component analysis, with a positive 

value indicating negative SLP anomalies in the North Pacific.   
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1992 anomaly is also relatively large.  It is worth noting that the summer of 1992 was also wet in 287 

the US Midwest (not shown), though not nearly as extreme as the summer of 1993.  Looking over 288 

the entire record, the general character of the height anomalies is similar to that of the SST gradient 289 

(cf. Figs. 3c and d) with generally negative values during the 1980s and 1990s, and a change to 290 

generally positive values after that, again apparently reflecting the climate shift mentioned above.  291 

While the North Pacific height anomalies are known to exhibit a substantial amount of internal 292 

variability unforced by SST (e.g., Zhang et al. 2018), these results are nevertheless suggestive of 293 

a substantial tropically forced component – something we will address in the next section focusing 294 

on 1993. 295 

To summarize, the results in Fig. 3 provide some insight into the unusual state of the tropics in the 296 

Pacific during MAM of 1993: a strong zonal gradient in the SST resulting from the juxtaposition 297 

of an unusually cold Pacific warm pool and a weak but unusually timed El Niño (peaked in May), 298 

occurring within a tropical Pacific climate regime (which ended in 1998/99) that appears to favor 299 

a negative upper tropospheric height response in the North Pacific. 300 

We next use our GEOS AGCM replay experiments and the GEOS coupled model predictions to 301 

investigate the tropical forcing that produced the particularly large atmospheric response in the 302 

North Pacific during MAM 1993, and how that acted to set the stage for the unusually wet 303 

conditions that developed in the NH extratropics during the following June and July. 304 
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 305 

Figure 3: a) The 1993 March to May (MAM) average SST anomalies (°C) from NOAA ERSST 306 

V5.  b) The 1993 MAM average 250hPa height anomalies (m) from MERRA-2.  c) The MAM 307 

average SST anomaly (°C) averaged between (15°S – 15°N, 120°E-180°E) minus the SST 308 

anomaly (°C) averaged between (15°S – 15°N, 180°E-120°W), for 1981 through 2023 (see boxes 309 

A and B in panel a). d) The MAM 250hPa height anomaly (m) averaged between (30°N– 65°N, 310 

160°E-140°W) for 1981 through 2023 (see box in panel b). The climatology used to produce the 311 

anomalies spans the years 1991-2020. Images provided by the NOAA-ESRL Physical Sciences 312 

Laboratory, Boulder Colorado from their Web site at https://psl.noaa.gov/.  313 

  314 

b. The 1993 spring (MAM) precursor developments  315 

Figure 4 shows the MAM 1993 precipitation, 250hPa stream function (ψ), and sea level pressure 316 

(SLP) anomalies from MERRA-2 and our NORPL and tropical replay simulations. The MERRA-317 

2 results show quite clearly the signatures of the extreme negative NPI in the SLP anomalies (Fig. 318 

4l).  The upper tropospheric ψ anomalies (Fig. 4k) show a North/South dipole pattern in the 319 

western North Pacific (something that is less evident in the height anomalies shown in Fig. 3b) 320 

apparently emanating from the region of excessive precipitation just west of the dateline, with the 321 

negative pole directly above the anomalous deep Aleutian low which extends across the entire 322 

length of the North Pacific basin.   323 

A B

1993
1993

a. b.

c. d.

A-B

MAM 1993 SST Anomalies MAM 1993 250hPa Height Anomalies
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 324 

 325 

Figure 4: Left panels: Precipitation anomalies (mm/day).  Middle panels: The 250 hPa stream 326 

function (ψ) anomalies (106 m2/s ). Right panels: Sea level pressure anomalies (hPa).  The results 327 

are from top to bottom for NORPL, RPL_TR, RPL_TCP, and MERRA-2. All results are March to 328 

May 1993 averages, and all model results are the ensemble means.  The red boxes indicate the 329 

replay regions. The climatology used to produce the anomalies spans the years 1991-2020. The 330 

MERRA-2 precipitation is an observationally corrected product (Reichle et al. 2017).   331 

 332 

The RPL_TR simulations (Figs. 4d-f) show somewhat similar anomalies in the North Pacific (for 333 

both ψ and SLP) though weaker and less extensive in the east/west direction.  The tropical 334 

precipitation anomalies are of course largely reproduced by design, though it is worth 335 

remembering that replay does not directly constrain the precipitation.  Notice that the anomalies 336 

are considerably different from those of NORPL (Figs. 4a-c).  In particular, the ψ anomalies in 337 

NORPL in the North Pacific are weaker and mostly confined to the eastern subtropical North 338 
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Pacific, with a considerably weaker SLP anomaly.  The precipitation anomalies in the tropical 339 

Pacific are also quite different, showing little signature of the positive anomaly west of the dateline; 340 

only weak positive anomalies are seen, largely confined to the eastern tropical Pacific (Fig. 4a).  It 341 

thus appears that the NORPL ψ anomalies are a response to the weak eastern tropical Pacific 342 

surface heating.  To confirm that the RPL_TR results mostly reflect the response to the heating 343 

near the dateline, we show in Figs. 4g-i the results of replaying a much smaller tropical region 344 

(RPL_TCP) that just encompasses the main positive precipitation anomaly.  We see that much of 345 

the RPL_TR response is indeed reproduced in those runs. 346 

It is important here to point out that there is considerable variability in the MAM atmospheric 347 

response in the North Pacific even if the tropics are essentially perfectly known.  This is illustrated 348 

in Fig. 5 which shows the results (250hPa stream function and SLP anomalies averaged over the 349 

North Pacific region in Fig. 3b) for the individual ensemble members from RPL_TR.  Here we see 350 

that while the impact of replaying the tropics is to shift the ensemble mean values towards the 351 

observed (MERRA-2) values (see also Figs. 4e and f), there is considerable intra-ensemble 352 

variability in the results, reflecting the internal (unforced by SST) atmospheric variability in the 353 

North Pacific.  As such, the RP_TR results should be interpreted probabilistically.  That is, we 354 

need to consider both the shift in the ensemble mean and the ensemble spread in telling us about 355 

the extent to which the tropical forcing increased the probability of the observed value occurring. 356 
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 357 

Figure 5: Scatterplot of the 1993 MAM  250 hPa stream function (ψ) anomalies (106 m2/s ) versus 358 

the sea level pressure anomalies (SLP, hPa) averaged over the region (30°N– 65°N, 160°E-359 

140°W).  The small black dots are the individual ensemble members from RPL_TR. The large 360 

black dot is the ensemble mean.  The red dot indicates the MERRA-2 values. 361 

 362 

Given the key role of that tropical precipitation anomaly just west of the dateline in forcing the 363 

extratropical response, it is important to understand why it is not reproduced in the NORPL runs.  364 

In fact, none of the 45 NORPL simulations (runs that are forced with the observed SST) produce 365 

positive tropical precipitation anomalies west of the dateline anywhere close to the observed 366 

(MERRA-2) amplitude (not shown).  Assuming 45 ensemble members are sufficient to sample the 367 

spread of the possible outcomes and that the AGCM is not deficient, this suggests coupling to the 368 

ocean may be important.  To address this, we next turn to our GEOS S2S-2 model hindcasts. 369 
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Fig. 6 shows that coupling with the ocean does indeed appear be important for generating the 370 

observed tropical (precipitation) and extratropical response as highlighted by a remarkably skillful 371 

MAM hindcast produced with the GEOS S2S-2 coupled model from the January 16 initial 372 

conditions (cf. the first and second columns of Fig. 6).   This is one of 8 hindcasts initialized every 373 

5 days during January and February 1993 (see Section 2c).  This result, however, is not robust; we 374 

performed 10 additional simulations by perturbing6 the January 16 initial conditions and found 375 

that the relatively small perturbations to the initial conditions leads to quite different outcomes (the 376 

last column of Fig. 6 shows the ensemble mean).  We look at all 8 hindcasts initialized in January 377 

and February 1993 in section S2. Based on those results, we speculate (and provide some evidence 378 

in section S2) that the observed atmospheric response to those SST anomalies appears to reflect 379 

one of two possible Bjerknes feedback regimes, with the other characterized by an atmospheric 380 

response largely confined to the eastern North Pacific – something more typical of a medium to 381 

strong El Niño event.  With so few cases (8) we are unable to assess what, if anything, in the initial 382 

conditions leads to one or the other regime, underscoring the challenge of predicting this key 383 

precursor to the summer flooding.   Nonetheless, that the coupled model shows a more realistic 384 

response to the SSTs in at least a few members (compared to no members from the AGCM), again 385 

demonstrates the likely importance of coupling 386 

 
6 Here we perturb only the atmosphere (not the ocean), employing the same approach used to 

generate perturbations for the replay runs as described in Table 1 of the main text. 
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 387 

Figure 6: Selected MAM 1993 results from MERRA-2 and GEOS-S2S-2 coupled model 388 

hindcasts. The results (anomalies) are from top to bottom, SST (K), precipitation (mm/day), 250 389 

hPa stream function (ψ250, 106m2/s) and sea level pressure (SLP, hPa).  The first column is 390 

from MERRA-2, the second column is from a GEOS-S2S-2 coupled prediction initialized on 391 

January 16, and the third column is the ensemble mean results from an 11-member suite of 392 

hindcasts initialized by perturbing the January 16 initial conditions. 393 

 394 

 395 

c. The Summer (June and July) Anomalies 396 

As noted in the Introduction, previous studies have highlighted the importance of the enhanced 397 

and equatorward-shifted North Pacific jet and a vigorous storm track that extended in the US  398 
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 399 

Figure 7: a) The June 1993 zonal-mean u-wind anomalies (black contours, every 0.5 m/s, 400 

negative dashed and zero omitted) with superimposed anomalous zonal-mean v-wind squared 401 

associated with the transient eddies ([𝑣∗′𝑣∗′̅̅ ̅̅ ̅̅ ̅̅ ], shaded, m2/s2).  Green contours are the 402 

climatological zonal-mean u-winds, with contours every 5 m/s (negative dashed and zero 403 

omitted).  b) Same as (a) but for July 1993. c) The June to July 250mb zonal-mean u-wind 404 

averaged between 35N and 45N for the period 1981 through 2023. The climatology used to 405 

produce the anomalies spans the years 1991-2020.  Results are from MERRA-2.  406 

 407 

Midwest during June, contributing to the wet conditions there.  Figures 7a and 7b show that the jet 408 

enhancement, its equatorward shift, and enhanced storm track (transient eddy activity7) have 409 

signatures in zonal-mean statistics.  The anomalous transient eddy activity is, during both months, 410 

positive in the latitudes where the jet is enhanced (between 30°N-45°N), and negative in the 411 

 
7 As a measure of synoptic storm activity, we define transient eddy activity as [𝑣∗′𝑣∗′̅̅ ̅̅ ̅̅ ̅̅ ], where v is the meridional 

wind, the asterisk is the eddy or deviation from the zonal mean, prime is the instantaneous 6-hourly deviation from 

the monthly mean, overbar is the monthly mean, and bracket is the zonal mean.   
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latitudes of negative zonal wind anomalies centered at about 60°N.   The unusual strength of the 412 

jet is highlighted in Fig. 7c, which shows that the 1993 June/July middle latitude zonal-mean u-413 

wind anomalies in the upper troposphere have not been surpassed in strength in the last four 414 

decades, though it is noteworthy that part of that value (about 10%) appears to be related to a trend 415 

that acts to decrease the values in the later years. 416 

 417 

The above summer zonal-mean anomalies appear to reflect, in part, the persistence of the 418 

springtime anomalies in the North Pacific associated with the record NPI, with the cold 419 

tropospheric temperatures (between 30°N-60°N) persisting into the summer (cf. Figs. S3a,b).  In 420 

addition, those cold temperatures were supported by a band of unusually cold SST anomalies 421 

spanning much of the North Pacific between 30°N and 40°N that developed as a result of the strong 422 

MAM surface westerlies linked to the record deep Aleutian low (Figs. S3c,d). Those cold SSTs 423 

presumably acted to feedback on the atmosphere supporting the development of an enhanced North 424 

Pacific jet.  However, understanding what produced the hemispheric-wide changes in the jet and 425 

eddy activity requires an assessment of the feedback between the eddies and the zonal-mean u-426 

wind.  A useful diagnostic in that regard is the Eliassen-Palm (E-P) flux (Eliassen and Palm 1961) 427 

which quantifies the contribution of the eddies (deviations from the zonal mean) to the zonal-mean 428 

zonal momentum budget.  This can be written as (Edmon et al. 1980): 429 

 430 

𝜕[𝑢]

𝜕𝑡
≈ (𝑎 𝑐𝑜𝑠𝜑)−1∇ ∙ 𝑭  ,     (2) 431 

 432 

where F is the E-P flux vector with components 433 

 434 

𝐹𝜑 =  −𝑎 𝑐𝑜𝑠𝜑[𝑢∗𝑣∗]      (3a) 435 

 436 

𝐹𝑝 =  𝑓𝑎 𝑐𝑜𝑠𝜑[𝑣∗𝜃∗]/[𝜃𝑝].     (3b) 437 

 438 
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In the above, the brackets represent a zonal mean, and asterisks the deviations from the zonal 439 

mean. Also, a is the radius of the Earth, f is the Coriolis parameter, 𝜑 is latitude, 𝜃 is potential 440 

temperature, p is pressure, and (u,v) are the zonal and meridional wind components.    441 

 442 

Fig. 8 shows the E-P fluxes and flux divergence superimposed on the u-wind anomalies for June 443 

(left panels) and July (right panels) 1993.  Here, the time averaged quadratic (E-P flux) terms 444 

have been decomposed into contributions from the stationary and transient eddies.  During June, 445 

the upward flux between 40-50°N associated with the transient eddies (Fig. 8a) reflects the 446 

developing baroclinic waves (Edmon et al. 1980) which, as they diverge in the middle and upper 447 

troposphere, act to support the positive u-wind anomalies in the mid-troposphere centered on 448 

30°N and north of about 40°N.  On the other hand, it is primarily the downward and poleward E-449 

P flux associated with the stationary eddies that support the main positive zonal-mean u-wind 450 

anomalies in the upper troposphere between 30-40°N (Fig. 8b).  Those stationary eddies, while 451 

not particularly strong, appear to be trapped within the jet wave guide throughout the hemisphere 452 

between about 25°N – 45 °N (Fig. 10a), acting collectively to both strengthen and shift the 453 

zonal-mean jet equatorward.  Stationary eddies also appear to be the primary drivers of the main 454 

negative u-wind anomaly between 60-80°N (Fig. 8b), though that is partly compensated for by 455 

the transient eddies (Fig. 8a).  Those stationary eddies are located primarily over northern 456 

Eurasia (Fig. 10a) – our focus in Section 3.c.1.  We note that the above negative zonal wind 457 

anomalies (see also those for July in Fig. 8e) contribute to narrowing the meridional jet profile 458 

and producing the double jet structure that appears to be an important factor in facilitating quasi-459 

resonance (Petoukhov et al. 2013). 460 

 461 

During July, it appears again that the main support for the positive u-wind anomalies between 462 

about 25-40°N is provided by the stationary eddies with E-P fluxes that are directed poleward 463 

and downward (Fig. 8e), thereby again acting to both strengthen and shift the jet equatorward.  464 

The stationary eddies are also trapped within the jet wave guide though in July they are primarily 465 

located over the North Pacific/North American region (Fig. 13a): our focus in Section 3.c.2.  466 

While the impact of the transient eddies is spatially rather noisy (Fig. 8d), they reinforce the 467 

stationary waves upper tropospheric impact between 50°-60°N to enhance the negative u-wind 468 

anomalies there (Fig. 8f). 469 
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 470 

 471 

Figure 8: Zonal-mean dynamics for June (left panels) and July (right panels) 1993 based on 472 

MERRA-2.  Top panels: The anomalous transient eddy E-P flux (F, vectors) and divergence of F 473 

(shaded, m/s day-1).  The transient fluxes are computed from instantaneous 6-hourly deviations 474 

of the relevant quantities from the monthly mean.  Middle panels:  Same as top panels but for the 475 

stationary eddies. Bottom panels:  Same as top panels but for the transient plus stationary eddies. 476 

The contours are the u-wind anomalies, drawn at 0.2, 0.5, 1, 1.5, 2, 3, 4, 6, and 8 m/s with 477 

negative contours dashed.   478 

 479 

 480 
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Here, it is important to note that the summertime hemispheric-wide expansion of the eddy activity 481 

is facilitated by the climatological annual cycle of the zonal winds, which results in (even in the 482 

absence of any anomalous forcing) a longitudinally more uniform wave guide for the eddies 483 

(waves) to propagate around the globe during summer, compared with spring when the waveguide 484 

is more limited in extent since the strongest zonal winds are largely confined to the western North 485 

Pacific (not shown).  In summary, the anomalous summer (June/July) jet enhances the wave 486 

activity and is itself enhanced by the wave activity, representing a feedback.  Specifically, the jet 487 

enhances transient eddy activity, the transient eddies help force stationary eddies (see below), and 488 

then both transient and stationary eddies feed back on the jet. 489 

We next examine the pronounced stationary waves that developed over the eastern hemisphere 490 

(0°-120°E) in June, and over the North Pacific/North American region (150°W – 60°W) in July 491 

(Fig. 2).  While our main focus is on the northern Great Plains (our flood region) in July, a brief 492 

look into the causes of the June extreme precipitation event over western Eurasia (with details in 493 

section S4) helps to underscore the hemispheric-scale controls of the unusually strong stationary 494 

and transient eddy activity during those two months. 495 

c1. The June event 496 

Figure 9 shows that the overall wet conditions that occurred throughout the NH middle latitude 497 

land areas averaged for June and July (Fig. 1) is already clearly evident in June.  In addition to the 498 

wet conditions over the U.S. northern Great Plains tied to the active storm track (Fig. 2), there is 499 

also excessive precipitation over northwestern Eurasia (black box in Fig. 9a).  This region received 500 

more precipitation during June 1993 than in any other June of the last four decades (Fig. 9b), 501 

apparently reflecting the impact of the pronounced stationary wave that developed there that month 502 

(Fig. 2).  We now examine this with our AGCM replay results.  The first issue to be addressed is 503 

whether any of our replay simulations reproduce the record precipitation anomalies and 504 

concomitant circulation anomalies in that region.   505 
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 506 

Figure 9: a. The 1993 June Northern Hemisphere precipitation anomalies (mm/day).  b. The June 507 

precipitation anomalies (mm/day) averaged between (40°N-70°N, 30°E-60°E, see black box in a) 508 

for 1981 through 2023. The precipitation data are from GPCP V2.3 (Adler et al. 2016).  The 509 

climatology used to produce the anomalies spans the years 1991-2020. Images provided by the 510 

NOAA-ESRL Physical Sciences Laboratory, Boulder Colorado from their Web site at 511 

https://psl.noaa.gov/.  512 

 513 

This is addressed in section S4 (see Fig. S4.1) where we show results for the individual ensemble 514 

members, highlighting the fact that for both NORPL and RPL_TR the observed precipitation 515 

anomaly over western Eurasia (see box in Fig. 9a) is a highly unlikely event.  In contrast, replaying 516 

the NA region (RPL_NA) makes the observed precipitation anomaly much more likely (the 517 

observed value is well within the scatter of the ensemble members).  As such we focus next on the 518 

ensemble mean RPL_NA results. 519 

 520 
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Fig. 10a shows that a pronounced stationary wave indeed extended across much of northern 521 

Eurasia during June 1993.  Furthermore, that wave is largely reproduced (though weaker) in the 522 

RPL_NA ensemble mean results (Fig. 10d).  The MERRA-2 precipitation and 850mb wind 523 

anomalies (Fig. 10b) exhibit a wave-like structure (presumably reflecting the upper-level 524 

circulation) with the main positive precipitation anomalies occurring within a region of low-level 525 

cyclonic circulation anomalies.  This basic structure is again largely reproduced in RPL_NA (Fig. 526 

10e).  Furthermore, the observed cold T2m anomalies together with a tendency for warm 527 

anomalies to the east (Fig. 10c) is also mostly reproduced in RPL_NA (Fig. 10f).   528 

 529 

 530 

Figure 10:  MERRA-2 (top panels) and RPL_NA (bottom panels) results for June 1993. The results 531 

are from left to right: 250 hPa v-wind anomalies (m/s) with climatological June 250 hPa u-wind 532 

superimposed (contour every 5 m/s, negative dashed and zero omitted), precipitation anomalies 533 

(mm/day) with superimposed 850 hPa wind vector anomalies (m/s), and T2m anomalies (°C).  The 534 

red box in the bottom left panel indicates the RPL_NA replay region.  The black boxes outline the 535 

region of interest used to produce the scatterplot in Fig. S4.1. 536 

 537 
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It thus appears from our replay experiments that the key forcing region for that stationary wave is 538 

likely somewhere in the NA region.  Further insight into the location and nature of the forcing is 539 

provided in section S4 employing the SWM.  There we show that it was transient vorticity forcing 540 

at and just east of the North Atlantic jet exit region that was responsible for forcing the stationary 541 

wave.  In summary, it thus appears that the active storm track in the North Atlantic produced the 542 

pronounced stationary wave that led to the record precipitation over western Eurasia in June.   543 

We next turn to the Midwest July event. 544 

 545 

c2. The July event 546 

July was (like June) wet throughout much of the middle latitude land areas (Fig. 11a).   Here we 547 

focus on the region with excessive precipitation encompassing the northern Great Plains extending 548 

westward and northward into Canada (black box in Fig. 11a).   This region received by far a record 549 

amount of July precipitation during 1993 (Fig. 11b), occurring in conjunction with the pronounced 550 

stationary wave that developed there that month (Fig. 2).  Here again we determine whether any 551 

of our AGCM replay simulations reproduced the record precipitation anomalies and concomitant 552 

circulation anomalies in that region.   553 
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554 
Figure 11: a. The 1993 July Northern Hemisphere precipitation anomalies (mm/day).  b. The July 555 

precipitation anomalies (mm/day) averaged between (35°N-60°N, 120°W-90°W, see black box in 556 

a) for 1981 through 2023. The precipitation data are from GPCP V2.3 (Adler et al. 2016).  The 557 

climatology used to produce the anomalies spans the years 1991-2020. Images provided by the 558 

NOAA-ESRL Physical Sciences Laboratory, Boulder Colorado from their Web site at 559 

https://psl.noaa.gov/.  560 

 561 

Fig. 12 shows a scatterplot of precipitation versus T2m anomalies averaged over the region 562 

outlined in Fig. 11a for our various AGCM simulations.  In this case, in addition to the NORPL 563 

and RPL_TR runs, we examine the results for RPL_CNP– a region in the North Pacific that is just 564 

upstream of our North American region of interest.  Neither NORPL nor RPL_TR produce 565 

significant positive precipitation anomalies in the ensemble mean, though both (especially 566 

NORPL) show a tendency for cold anomalies.  Focusing on RPL_CNP we see a major shift in the 567 
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scatter into the lower right quadrant, with the most extreme members approaching the observed 568 

precipitation anomaly.  Forcing in the CNP region thus appears to be important. 569 

 570 

 571 

Figure 12: a. Scatterplot of the July 1993 precipitation (mm day-1) versus T2m (°C) averaged over 572 

the North American flood region (35°N-60°N, 120°W-90°W, see black box in Fig. 11a) for all the 573 

ensemble members (45) of the model runs (RPL_TR in red, RPL_CNP in green, NORPL in black).  574 

The small dots are the individual ensemble members and the large dots are the ensemble means 575 

and MERRA-2 (in grey) results. 576 

 577 

Fig. 13 compares the RPL_CNP ensemble mean results with MERRA-2.  MERRA-2 shows a 578 

pronounced stationary wave in the 250hPa v-wind extending from the eastern North Pacific across 579 

North America and into the North Atlantic (Fig. 13a).  Over North America this coincides with 580 

strong southwesterly 850 hPa winds in the central U.S. – winds that are especially strong in the 581 
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northern Great Plains where they coincide with the pronounced positive precipitation anomalies 582 

in that region (Fig. 13b).  The strong southerly wind anomalies reflect an intensification of the 583 

GPLLJ and enhanced low-level moisture transport deemed key to producing the extreme 584 

precipitation in the upper Midwest during July (e.g., Mo et al. 1995; Bosilovich and Sun 1999; 585 

Weaver et al. 2009).   Those southerly winds are part of an overall anticyclonic circulation anomaly 586 

over the southeast U.S. and a cyclonic circulation anomaly to the north/northwest where it 587 

coincides with a secondary positive precipitation anomaly that extends into the Canadian Prairies 588 

(Fig. 13b).   The cyclonic anomaly also coincides with the coldest T2m temperature anomalies that 589 

span much of the upper U.S. and southern Canada west of the Great Lakes (Fig. 13c).  Overall, the 590 

low level wind anomalies appear to be in phase with the upper level winds, suggesting a generally 591 

barotropic structure to the stationary wave (Fig. 13a). 592 

The results for RPL_CNP (second row of Fig. 13) show similar features, though with somewhat 593 

weaker amplitude.  These include the stationary wave (Fig. 13d) and the enhanced southwesterly 594 

low level winds in the central U.S. that coincide with positive precipitation anomalies in the upper 595 

Midwest  (Fig. 13e).  There is also a signature of the cyclonic circulation anomaly and associated 596 

positive precipitation anomalies that extend into southern Canada, as well as the cold anomalies 597 

spanning much of the upper U.S. and southern Canada (cf. Figs. 13c and 13f).  598 

 Given these results, it is very likely that the forcing of the stationary wave lies somewhere in the 599 

central North Pacific (the CNP replay region).  So, we again turn to the SWM to better pinpoint 600 

the upstream forcing region as well as determine the nature of the forcing (vorticity or heating). 601 
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 602 

Figure 13:  MERRA-2 (top panels) and RPL_CNP (bottom panels) results for July 1993. The 603 

results are from left to right: 250 hPa v-wind anomalies (m/s) with climatological July 250 hPa u-604 

wind superimposed (contour every 5 m/s, negative dashed and zero omitted), precipitation 605 

anomalies (mm/day) with superimposed 850 hPa wind vector anomalies (m/s), and T2m anomalies 606 

(°C). The red box in panel d indicates the RPL_CNP replay region.  607 

 608 

Before examining the SWM results we should say something about our choice of the basic state 609 

for the SWM calculations.  The most obvious choice here would be to use the full three-610 

dimensional climatological July basic state (for June, we did use the full three-dimensional 611 

climatological June state).  It provides the most relevant background flow upon which the July 612 

1993 waves can propagate without over specifying the background flow.  Having said that, we 613 

chose our background state to be the July 1993 zonal mean.  We do this because according to a 614 

previous study, the 1993 July zonal-mean basic state was conducive to resonance and played a role 615 

in the amplification of that stationary wave (Petoukhov et al. 2013).   Indeed, the steep meridional 616 

gradients of the unusually strong 1993 zonal-mean jet are likely to be more important than any 617 

climatological zonal asymmetries in the basic state for trapping and amplifying the quasi-618 
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stationary wave.  Section S5 provides a limited assessment of the sensitivity of the SWM results 619 

to the July basic state.    620 

Focusing the SWM analysis on the observed upper tropospheric stream function anomalies 621 

encompassed by the black box in Fig. 14c, Figs. 14a and 14b provide, respectively, the resulting 622 

sensitivity maps for vorticity and heat.  For both forcings, the sensitivity pattern for producing 623 

such a stationary wave response consists of wavelike structures oriented in a southwest/northeast 624 

direction spanning much of the North Pacific.  For vorticity, the largest sensitivity occurs to the 625 

north and east of the dateline (along the southern half of the zonal-mean jet) where the pattern 626 

forms a positive/negative dipole extending from just northeast of Hawaii to the west coast of North 627 

America.  For heating, the largest sensitivity has a somewhat similar wave structure, though it is 628 

more confined to the eastern North Pacific.   629 

Fig. 14d shows that the SWM when forced by the idealized vorticity weighted by the sensitivity 630 

does again (as we saw for June) reproduce the observed response (cf. Figs. 14c and 14d).  631 

Comparing the sensitivity maps with the actual vorticity and heat forcing (from MERRA-2) shows 632 

little overlap for the heating (cf. Figs. 14b and 14f) but considerable overlap for the vorticity (cf. 633 

Figs. 14a and 14e), suggesting again that the transient vorticity forcing, with positive forcing to 634 

the north and east of Hawaii, is likely most responsible for forcing the stationary wave.  635 

Accordingly, the most relevant forcing does indeed appear to lie within the CNP region.  636 

 637 
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 638 

Figure 14:  Results of the stationary wave model (SWM) vorticity and heating experiments 639 

targeting the July 1993 stationary wave (outlined by the black box in panel c).  The basic state is 640 

the July 1993 zonal mean.  a. The sensitivity map (s) for vorticity forcing (shaded). b. As in (a) but 641 

for heat forcing (shaded). c. The observed July 1993 ψe anomaly from MERRA-2 interpolated to 642 

=0.257 (106 m2/s).  d. Reconstruction of the observed target ψe anomalies at =0.257 (107 m2/s), 643 

computed by scaling the SWM response maps to vorticity forcing (each associated with a specific 644 

forcing location) by the forcing sensitivity at the corresponding forcing locations (shown in panel 645 

a) and then summing them. e. The July 1993 transient vorticity forcing (negative of the inverse 646 

Laplacian, see text) based on MERRA-2, interpolated to =0.257 (m2/s2).  f) The estimated July 647 

1993 diabatic heating (Q, K/day) in the mid-troposphere (=0.46) based on MERRA-2.   In all 648 

panels, the straight lines denote the upper tropospheric (=0.257) July 1993 zonal-mean u-wind 649 

based on MERRA-2 (contour interval is 10 m/s), and the boxes outline the target region. 650 

 651 

In summary, both the June and the July events (in particular the stationary waves key to producing 652 

the unusually wet conditions over western Eurasia and central North America) were initiated by 653 
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upstream anomalous transient vorticity forcing that occurred within unusually strong zonal wind 654 

environments.   655 

 656 

 657 

4. Summary and Conclusions 658 

 659 

In this study we have revisited the cause of the 1993 U.S. Midwest flooding event.  Our purpose 660 

was in part to clarify some remaining uncertainties about the relative roles of tropical and 661 

extratropical forcing, and in part to provide a spatially and temporally broader perspective on the 662 

flooding which occurred in a year of multiple spring and summer extremes, some of which 663 

occurred in regions far from the Midwest.  These include an unusually cold spring Pacific warm 664 

pool, a record deep spring Aleutian Low, a record strong June/July NH middle latitude zonal-665 

mean jet, and record June/July wet conditions that spanned much of the Northern Hemisphere 666 

middle latitude land areas.   Specifically, our results, summarized below, address the following 667 

questions 1) what drove the anomalous spring (MAM) precursor environment, and 2) how that 668 

environment facilitated the development of the two pronounced stationary waves that produced 669 

record rainfall over western Eurasia in June and over the U.S. Midwest in July.  Our results also 670 

provide some insight into what made the U.S. Midwest flooding such a singular extreme event – 671 

still considered extreme today, three decades later. 672 

Here we show that the record springtime Aleutian low was part of a deep North Pacific wave 673 

response to strong precipitation/heating anomalies in the equatorial Pacific just west of the 674 

dateline.  The unusual nature of those springtime tropical precipitation anomalies (just west of 675 

the dateline) and the associated atmospheric response can be traced to two factors.  First, there is 676 

the unusual nature of the tropical Pacific SST anomalies, which were tied to a short-lived, weak, 677 

and unusually-timed El Niño (forced in January by a strong MJO event, Delcroix et. al. 2000), 678 

and the unusually cold Pacific warm pool SST (a likely lingering impact of the June 1991 679 

Pinatubo eruption, Ward et al. 2021).  Second, our GEOS coupled model predictions indicate 680 

that the MAM atmospheric response to those SST anomalies (a response that in nature was 681 

largely confined to the western Pacific) appears to reflect one of two possible coupled outcomes, 682 

with the other characterized by an atmospheric response largely confined to the eastern North 683 

Pacific – something more typical of a medium to strong El Niño event.  Of the eight coupled 684 
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hindcasts initialized in January and February of 1993, four did produce a MAM response in the 685 

western/central North Pacific. One hindcast in particular (initialized on January 16) produced a 686 

remarkably skillful forecast of the MAM precipitation and circulation anomalies.  We speculate 687 

(see section S2) that those results reflect two different Bjerknes feedback regimes possible under 688 

weak El Niño conditions.  It is unclear from our limited sample of hindcasts, however, whether 689 

anything systematic in the initial conditions would allow us to predict which of those responses 690 

would occur.  691 

 692 

While the above results point to the importance of the tropical heating just west of the dateline 693 

for generating the extreme atmospheric response in the North Pacific during MAM, it is 694 

important to note that internal atmospheric variability also played a role.  This is highlighted by 695 

the intra-ensemble variability in our 45 tropical replay runs (Fig. 5), which show that even if the 696 

tropics are essentially perfectly known, there is still considerable intra-ensemble variability in the 697 

extratropical response. 698 

 699 

The springtime response in the North Pacific set the stage for the subsequent wet conditions that 700 

developed throughout the NH middle latitudes during June and July in the following ways.   701 

First, very cold tropospheric temperatures in the North Pacific (between 30°N-50°N) associated 702 

with the above-mentioned MAM wave response persisted into June and July.  Those cold 703 

June/July temperatures were supported at the surface by unusually cold summer SST anomalies 704 

that developed in the North Pacific between 30°N-40°N in the vicinity of the strong surface 705 

westerly anomalies (associated with the deep Aleutian low).  The strong SST gradients in the 706 

North Pacific facilitated the development of the enhanced jet (see below) and the baroclinic 707 

waves that eventually impacted the US Midwest in June. 708 

 709 

While the above MAM wave response was largely confined to the North Pacific, the expansion 710 

of the enhanced jet and eddy activity to eventually encompass the entire NH middle latitudes in 711 

June and July was facilitated by several factors.  First, the mean annual cycle played a role, with 712 

the seasonal progression from a springtime jet predominately confined to the western North 713 

Pacific to the summertime more longitudinally-uniform jet.  This facilitated the propagation of 714 

waves/eddies around the globe during June and July.  The zonal-mean jet was enhanced during 715 
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June and July through feedbacks with both the transient and stationary eddies.  In fact, it was 716 

primarily the stationary eddies that produced the enhancement and equatorward shift of the 717 

zonal-mean jet – eddies that were themselves trapped within the jet wave guide.  The enhanced 718 

transient eddies did, however, play a critical role in forcing (via transient vorticity forcing) two 719 

pronounced stationary waves –one in June anchored over northern Eurasia, and another in July 720 

anchored over the Pacific/North American region, resulting in the record precipitation anomalies 721 

over northwestern Eurasia and the Northern Great Plains, respectively.  As such, the transient 722 

waves, by forcing those stationary waves, also had an (indirect) impact on the jet. 723 

 724 

With this in mind, we can now address the unresolved issues and/or conflicting results from 725 

previous studies concerning the relative contributions to the Midwest flooding of forcing from 726 

the tropics and midlatitudes.  We have shown that while both the tropics and midlatitudes do in 727 

fact play a role, their influence occurred at different times during the course of the spring and 728 

summer.  Tropical forcing, in particular the precipitation/heating anomalies in the tropical 729 

Pacific just west of the dateline, was key to forcing the springtime wave response in the North 730 

Pacific that set the stage for the subsequent summer anomalies (consistent with Bell and 731 

Janowiak 1995).  Tropical forcing does not appear to have played a direct role in the following 732 

months (June/July), given that the weak El Niño had essentially ended by June, and the seasonal 733 

expansion of the tropical easterlies would tend to suppress any wave response propagating into 734 

the middle latitudes.  Middle latitude forcing was key to driving events during June and July.  In 735 

particular, the transients (weather systems) did play a role as generally agreed upon in previous 736 

studies (e.g., Mo et al. 1995; Trenberth and Guillemot 1996), though their role in June differed 737 

from that in July.  During June they (the weather systems) had a direct impact on the 738 

precipitation over the Midwest as already well documented (e.g., Bell and Janowiak 1995).  It is 739 

during July, however, that they had the biggest impact on the Midwest by forcing (via anomalous 740 

transient vorticity forcing in the North Pacific) the pronounced stationary wave over North 741 

America (consistent with Liu et al. 1998), that facilitated the record precipitation over the US 742 

Midwest during that month.  And again, the transients also played a direct role in forcing the 743 

enhanced NH jet during both June and July, though we have found that it was the stationary 744 

(monthly mean) eddies that provided most of the forcing of the anomalous jet. 745 

 746 
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While we have not addressed the potential role of land feedbacks, the soil was clearly already 747 

quite wet during June and thus certainly amplified the July flooding (e.g., Kunkel et al. 1994); it 748 

seems unlikely however that they had a substantial impact on the main circulation anomalies 749 

(e.g., Weaver et al. 2009).  On the other hand, the fact that the GEOS AGCM (even when given 750 

the correct forcing in the central North Pacific) did not fully reproduce the extreme precipitation 751 

that fell over the Midwest during July indicates that possible land feedbacks deserve further 752 

investigation. 753 

Finally, we can now also provide some insight into what made the 1993 Midwest flooding such a 754 

singular extreme event.  In particular, our results suggest that the sequence of events leading to 755 

the US Midwest Great Flood had its origins in both the 1991 Pinatubo eruption (via its impact on 756 

the Pacific warm pool) and a pronounced January 1993 MJO that initiated the late winter/early 757 

spring El Niño event.  Furthermore, this occurred in a Pacific climate regime (which ended in 758 

1998/99) during which the boreal spring tropical Pacific SST anomalies were more likely 759 

(compared to recent decades) to produce a cyclonic circulation response over the North Pacific - 760 

something that helped set the stage for the subsequent 1993 summer flooding event.  Clearly, 761 

such a combination of events, in the presence of substantial internal atmospheric variability, is 762 

unlikely to be repeated in the foreseeable future. 763 
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