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Abstract

The 1993 US Midwest summer flood occurred in a year marked by a number of apparently
disparate climate extremes including an unusually cold spring Pacific warm pool, a record deep
spring Aleutian Low, and record wet conditions that spanned the Northern Hemisphere middle
latitude land areas during June and July. Here we provide a dynamical framework that links
these extremes and accounts for the uniqueness of the Midwest flooding event. In particular, we
show that the deep springtime Aleutian low was part of a wave response forced by unusually
strong precipitation/heating anomalies in the equatorial Pacific just west of the dateline —heating
that was linked to the unusually cold Pacific warm pool juxtaposed to the east with positive SST
anomalies tied to a weak but unusually timed El Nifio event. The deep springtime Aleutian low
in turn produced unusually cold summer North Pacific SSTs and set the stage for the summer’s
eddy-driven enhancement of the middle latitude jet and unusually strong hemispheric-wide
transient (baroclinic) wave activity. The resulting transient vorticity forcing produced two
pronounced stationary waves —one in June anchored over northern Eurasia, and another in July
anchored over the Pacific/North American region, resulting in record precipitation anomalies

over northwestern Eurasia and the Northern Great Plains, respectively.
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1. Introduction

In 1993 the Midwest U.S. experienced one of the worst flooding events on record. Hundreds of
levees along the Mississippi and Missouri Rivers failed, killing 50 people and causing more than
$15 billion in damage'. Precipitation totals were by far the largest of the 20™ century for the 2,
3, 4 and 12 month periods encompassing the 1993 summer (Kunkel et al. 1994), falling on near-
saturated soil moisture conditions that already existed throughout the flooding region at the end

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

Bell and Janowiak (1995) carried out a comprehensive observational study of the circulation
features that appear to have been key to the main flooding event during June and July. They
highlighted the importance of the late May intensification and eastward extension of the North
Pacific jet and the July development of a persistent wave pattern over the western and central
US. While they suggested that the June/July flooding was largely the result of internal
atmospheric variability, they did find observational evidence for a role for El Nifio in producing
an anomalous springtime North Pacific Pattern (NPP), which helped set the stage for the

subsequent active June Pacific storm track.

Numerous studies have addressed the underlying physical processes that caused the flooding.
Mo at al. (1995) pointed to the importance of the enhanced transient eddy activity during late
May and June that played a key role in strengthening the upper level jet over North America.
Trenberth and Guillemot (1996) also found an important role of the jet stream which was
displaced well south of the normal location, with high-frequency eddy activity in the Pacific-
North American storm track reinforcing the anomalous jet. Liu et al. (1998), employing a linear
stationary wave model, found that the 1993 summer circulation anomaly primarily resulted from
transient vorticity forcing, in agreement with Mo et al. (1995). They further found the impact of
tropical diabatic forcing to be negligible. Weaver et al. (2009) found that the Great Plains low-
level jet (GPLLJ) played an important role while soil moisture had only a marginal influence.

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

L 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

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

While the above studies provide substantial insights into the causes of the 1993 floods, the
sequence of events and the underlying dynamical mechanisms leading to the enhanced Midwest
precipitation during June and July are still somewhat unclear. Especially unclear is the role of
tropical forcing, given that the El Nifio event was rather weak? and well past its peak by June and
July. While it is more likely that it played a role in setting up the spring precursor environment
as suggested by Bell and Janowiak (1995), here too it is unclear how such a weak El Nifio event
produced such a strong spring extratropical response (a record NPP). While there is general
agreement that the transient eddies played a role, the changing nature, timing and location of

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

Also missing from previous studies is some assessment of the larger (hemispheric) scale context
of the floods. In particular, little if anything has been done to address the extent to which the
underlying physical mechanisms that produced the Midwest floods also helped produce
abnormally wet conditions throughout the middle latitudes of the Northern Hemisphere during
that summer. Finally, given that more than 30 years have passed since that flooding event, we

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

Our focus is on June and July of 1993 — the two months during which the excessive Midwest
precipitation anomalies were responsible for the most extreme flooding that occurred over the
US Midwest. An additional focus is on the springtime (March to May, MAM) anomalies that
helped set the stage for the subsequent summer extreme circulation and precipitation anomalies.
As described in Section 2, our approach to assessing the underlying forcings involves the use of
atmospheric general circulation model (AGCM) experiments, supplemented with results from a
stationary wave model (SWM) and coupled model retrospective seasonal forecasts. Results are

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

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

a. The GEOS AGCM and replay experiments

The AGCM experiments (e.g., Schubert et al. 2019b; 2021) are conducted with the NASA
Goddard Earth Observing System (GEOS) model (Molod et al. 2015) applying a “regional replay”
approach, in which the atmosphere is constrained to remain close to the NASA Modern Era
Retrospective-Analysis for Research and Applications, Version 2 (MERRA-2, Gelaro et al. 2017)
over specified regions of the globe. Simply put, within the defined replay region, the atmospheric
state (in terms of the prognostic variables: temperature, specific humidity, horizontal winds,
surface pressure) is forced to match the reanalysis during a simulation; outside of the replay region,
on the other hand, the atmosphere is allowed to evolve freely. We can thereby determine the
remote impacts of the replay region’s behavior on the rest of the globe (e.g., Schubert et al. 2022;
DeAngelis et al. 2023; Schubert et al. 2024).

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

is: % = f(x) + Ax, where Ax = (analysis — forecast)/6hrs, and where f(x) captures the effects
of all the model’s dynamics and physics terms. We recompute Ax every 6 hours but apply it at
each time step, appropriately scaled. The GEOS AGCM used here is basically the same as that
underlying MERRA-2 except for two important features: (i) here we run it at a coarser horizontal
resolution (approximately 1°, compared to 1/2° for MERRA-2), and (i1) our application of the
AGCM includes a tendency bias correction (TBC) term, one that reduces some of the model’s

long-term biases (Chang et al. 2019)°.

Table 1 provides the details of our 45-member ensembles of AGCM replay runs, all of which are
forced by observed SST. This includes a set of runs without any replay region (referred to as no-
replay, NORPL) and another set in which the tropics is constrained (RPL_TR), addressing both
the impact of SST and other potential tropical forcing. Both NORPL and RPL TR ensemble

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
regions (central North Pacific: RPL_CNP; North America/North Atlantic: RPL NA, and tropical
central Pacific: RPL_TCP) address more localized potential forcing regions, as justified in
subsequent sections. To reduce the computational burden, these sets of 45-member replay runs
(RPL_CNP, RPL NA, and RPL_TCP) are much shorter in length - they were initialized on either
1 January 1993 or 30 Nov 1992 (see Table 1) and run through the summer of 1993. However, in
order to produce climatologies for those replay regions, a single ensemble member spanning 1991-
2020* was produced for each. For consistency, the climatologies for both NORPL and RPL_TR

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

Table 1: List of the AGCM experiments discussed in the text. All runs are forced with observed daily
mean SST (see Gelaro et al. 2017 for details about the SSTs). The perturbations to the initial conditions
for each of the ensemble members were produced by taking the differences between two atmospheric
states separated by one day, scaling those differences by 1/8, and adding them to (or subtracting them
from) the initial state. NORPL, RPL_ TR and RPL_NA were initialized from MERRA-2, while

RPL CNP and RPL_TCP were initialized from NORPL. Further information about that approach to
perturbing initial conditions can be found in Schubert et al. 2019a.

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- 45
70°N, 150°E-150W°)
RPL_NA 30 Nov 1992 — 31 Aug 1993 | North America/North Atlantic: 45
(25°N-70°N, 90W°-30W°)
RPL_TCP 1 Jan 1993 — 31 Aug 1993 Tropical Central Pacific: 25°S- 45
25°N, 150E°-150W°)

b. The Stationary Wave Model Experiments

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

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

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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148  dry dynamical core of a full AGCM; a rhomboidal wavenumber-30 truncation is used in the

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

150

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

152 heating or vorticity sources (following the examples of Schubert et al. [2011] and DeAngelis et
153  al. [2023]). The idealized heat or vorticity forcing is imposed at forcing locations spaced every
154 10° longitude and 5° latitude across the globe (one location per simulation). These idealized
155  forcing sources have a sine-squared functional spatial structure; for vorticity, a horizontal scale
156  of 10° longitude by 10° latitude is applied, whereas for heat, the applied scale is 40° longitude by
157  10° latitude. Regarding the imposed forcing’s vertical structure (see Liu et al 1998), that for
158  vorticity peaks in the upper troposphere (with a value of ~5.4 x 107'° s!) and that for the heating
159  is highest in the middle troposphere (with a value of ~3.1°K day !).

160

161  To summarize such a large collection of simulations in a way relevant to the observed circulation
162  anomaly of interest, Schubert et al. (2024) describe an approach that identifies those forcing

163 locations for which the response projects most strongly on our phenomenon of interest — our
164  observed target anomaly pattern. We refer to those identified forcing locations as a “forcing
165  sensitivity map”, expressed as a vector (s). In essence, the values in s represent the extent to
166  which each SWM response (to either vorticity or heat forcing at a particular location) resembles
167  the observed pattern. This sensitivity map can provide insight into the forcing regions that are
168  most relevant to a particular target anomaly. We supplement this map with various MERRA-2-
169  based estimates of the actual forcings, noting that the most likely forcing for a particular

170  observed circulation anomaly occurs where the actual forcing coincides with a region showing
171  large sensitivity in the SWM-based map.

172

173 Vorticity forcing is examined in terms of the transient vorticity flux convergence, which can be
174 written as (Wang and Ting 1999; DeAngelis et al. 2023):

175

176 TFyor = =V -V'{. (1)

177
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Here, V is the horizontal wind vector, and { is the vorticity. The overbar represents a monthly
mean, and primes represent instantaneous (6-hourly) deviations from that mean. Typically
associated with weather disturbances, this vorticity forcing has been shown (e.g., Schubert et al.
2011, DeAngelis et al. 2023) to force northern midlatitude stationary Rossby waves. We
compute it here from MERRA-2 6-hourly data, applying an inverse Laplacian operator to better
isolate, through spatial filtering, its broader aspects (e.g., Schubert et al. 2011). Observed
diabatic heating anomalies (derived from MERRA-2 data, as described in DeAngelis et al. 2023)

are also examined here.

c. The GEOS S2S V2 model seasonal forecasts

We supplement our analysis with an examination of selected retrospective seasonal forecasts
(hindcasts) performed with the GEOS S2S V2 coupled model (Molod et al. 2020). Chief
components of this S2S system include the GEOS AGCM [Molod et al., 2015; Rienecker et al.,
2008], the Modular Ocean Model-5 (MOMS) ocean general circulation model [Griffies et al.,
2005; Griffies, 2012], and the Catchment land surface model [Koster et al., 2000]. The AGCM
was run at a spatial resolution of ~0.5°, with 72 hybrid sigma/pressure levels in the vertical,
while the ocean model was run at ~0.5° spatial resolution, using 40 vertical layers extending to a

depth of 4500 m.

GMAO seasonal forecasts are initialized on a fixed set of calendar dates, five days apart
beginning on 1 January. For the retrospective seasonal forecasts, the start dates form a lagged
ensemble of four for any month. After 2016 (when the system started producing real-time
forecasts), we use only the unperturbed forecasts initialized every five days (despite the larger
ensemble size) to be consistent with the earlier retrospective forecasts. The climatology used to
compute anomalies is based on forecasts spanning 1991-2020. Further details about the forecast

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

We begin in Section 3a with a brief review of the observed 1993 spring and summer anomalies,
together with an assessment of just how unusual those anomalies were. Section 3b examines the
development of the 1993 MAM anomalies, focusing on the results from the GEOS AGCM
simulations, as well as some limited supporting results from the GEOS coupled model
predictions. Section 3c examines the subsequent development of the unusually strong summer
(June/July) jet, including the feedbacks with transient and stationary wave activity. We then
look more closely at the causes of the main precipitation-producing circulation anomalies that
developed over western Eurasia in June (Section 3cl) and over North America in July (Section

3c2).

a. The Observed Anomalies

Figure 1 underscores the exceptional nature of the June/July 1993 precipitation anomalies in the
NH extratropics. In addition to the extreme precipitation that fell over the northern Great Plains,
much of the land area (particularly in western Eurasia) between about 30°N and 60°N (Fig. 1a)
was anomalously wet. Figure 1b shows that 1993 had, by far, the largest positive June/July

precipitation anomaly (averaged over land between 30°N-60°N) of the last four decades.
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Figure 1: a) The 1993 June to July Northern Hemisphere precipitation anomalies. b) The zonal-
mean (land only) June to July precipitation averaged between (30°N-60°N) for 1981 through 2023.
Units: mm day™!. The precipitation data are from GPCP V2.3 (Adler et al. 2016). The climatology
used to produce the anomalies spans the years 1991-2020. Images provided by the NOAA-ESRL
Physical Sciences Laboratory, Boulder Colorado (Smith et al. 2014) from their Web site at
https://psl.noaa.gov/.

Some insight into the possible causes of the very wet conditions throughout the NH middle
latitudes can be gained by examining the daily evolution of the 250 hPa meridional wind anomalies
(left panel of Fig. 2). Several remarkable changes in the character of the anomalies are outlined
by the heavy black lines. Overall, we see a general tendency for enhanced eastward (synoptic time
scale) wave propagation (quantified in Section 3c¢), with two exceptional periods/regions for which
more stationary disturbances clearly tend to develop. The latter occurs over the western Eurasian
region primarily during June (box b) and over North America during July (box e). These
circulation features are reflected in the precipitation anomalies (right panel of Fig. 2), where both

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

(over western Eurasia and North America) are clearly evident.
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Figure 2: Left panel: Hovmoller (time/longitude) plot of the daily 250 hPa meridional wind (v-
wind, m/s) anomaly averaged between 35°N-70°N for the period May 15 to July 31, 1993. Right
panel: Same as left panel but for precipitation (mm/day). The heavy black lines serve to roughly
highlight the times and longitudes (labeled a — e) of different behavior manifest in the v-wind
anomalies with boxes (b) and (e) specifically encompassing the longitudes and times of quasi-
stationary behavior over western Eurasia during June, and North America during July,
respectively. The dashed lines in e indicate 90°W. Results are from MERRA-2, though the
precipitation used for verification is an observationally corrected product (Reichle et al. 2017).

With an eye towards possible tropical connections to these extratropical anomalies (addressed in
the following sections), we next look into the unusual state of the tropical Pacific SST during the
1993 boreal spring and how that impacted the extratropics. This is motivated by the observational

study of Bell and Janowiak (1995) that pointed to the extreme positive phase of the North Pacific

11
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pattern (NPP) during MAM? as likely setting the stage for the extremely active Pacific storm track

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

Fig. 3a shows that the overall pattern of the MAM 1993 SST anomalies were not dissimilar to
those of an El Nifio event, though the eastern tropical Pacific positive anomalies were rather weak,
and the warm pool anomalies were unusually cold (the coldest of the last 4 decades — not shown).
The warm eastern Pacific tropical SST anomalies in fact reflect a weak but unusually timed
(peaked in May) El Nifo that appears to have been initiated by a strong January 1993 MJO
(Delcroix et. al. 2000; see also S1 showing the daily evolution of the SST and related tropical
Pacific anomalies). The 250 hPa height anomalies during that spring (Fig. 3b) were characterized
by a pronounced negative anomaly in the North Pacific reflecting, in the upper troposphere, the

extreme state of the NPP.

To put the above SST anomalies in historical context, we show in Fig. 3c the time series of the
MAM tropical Pacific SST averaged over the western Pacific minus the average over the eastern
Pacific for the period 1981-2023. We choose such an east/west difference metric with the
understanding that changes in the SST zonal gradient are especially relevant for driving an
atmospheric response (e.g., Lee et al. 2022). Here we see that the largest negative values of the
anomalous gradient occur during 1992 (an El Nifio year) and 1993, reflecting in part the unusually
cold warm pool that developed during those two years - apparently as a lingering impact of the
June 1991 Pinatubo eruption (Ward et al. 2021). Looking across the entire record, we see a general
tendency for the anomalous gradient to be negative during the 1980s and 1990s, with a change to
generally positive values after that. This appears to reflect a climate shift that occurred in the
Pacific SST during boreal spring in 1998-99 linked to a low frequency mode of variability
resembling the Pacific Decadal Oscillation (Lyon et al. 2014).

Fig. 3d shows the time series of the 250 hPa height anomalies averaged over a region spanning the
North Pacific (see the box in Fig. 3b). This region was chosen to be consistent with that used by
Trenberth and Hurrel (1994) to define the North Pacific Index (NPI) — a simpler version of the
NPP. The spring of 1993 stands out as having the largest negative anomaly, although the negative

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.

12
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1992 anomaly is also relatively large. It is worth noting that the summer of 1992 was also wet in
the US Midwest (not shown), though not nearly as extreme as the summer of 1993. Looking over
the entire record, the general character of the height anomalies is similar to that of the SST gradient
(cf. Figs. 3¢ and d) with generally negative values during the 1980s and 1990s, and a change to
generally positive values after that, again apparently reflecting the climate shift mentioned above.
While the North Pacific height anomalies are known to exhibit a substantial amount of internal
variability unforced by SST (e.g., Zhang et al. 2018), these results are nevertheless suggestive of
a substantial tropically forced component — something we will address in the next section focusing

on 1993.

To summarize, the results in Fig. 3 provide some insight into the unusual state of the tropics in the
Pacific during MAM of 1993: a strong zonal gradient in the SST resulting from the juxtaposition
of an unusually cold Pacific warm pool and a weak but unusually timed El Nifio (peaked in May),
occurring within a tropical Pacific climate regime (which ended in 1998/99) that appears to favor

a negative upper tropospheric height response in the North Pacific.

We next use our GEOS AGCM replay experiments and the GEOS coupled model predictions to
investigate the tropical forcing that produced the particularly large atmospheric response in the
North Pacific during MAM 1993, and how that acted to set the stage for the unusually wet

conditions that developed in the NH extratropics during the following June and July.
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Figure 3: a) The 1993 March to May (MAM) average SST anomalies (°C) from NOAA ERSST
V5. b) The 1993 MAM average 250hPa height anomalies (m) from MERRA-2. ¢) The MAM
average SST anomaly (°C) averaged between (15°S — 15°N, 120°E-180°E) minus the SST
anomaly (°C) averaged between (15°S — 15°N, 180°E-120°W), for 1981 through 2023 (see boxes
A and B in panel a). d) The MAM 250hPa height anomaly (m) averaged between (30°N— 65°N,
160°E-140°W) for 1981 through 2023 (see box in panel b). The climatology used to produce the
anomalies spans the years 1991-2020. Images provided by the NOAA-ESRL Physical Sciences
Laboratory, Boulder Colorado from their Web site at https://psl.noaa.gov/.

b. The 1993 spring (MAM) precursor developments

Figure 4 shows the MAM 1993 precipitation, 250hPa stream function (Jr), and sea level pressure
(SLP) anomalies from MERRA-2 and our NORPL and tropical replay simulations. The MERRA-
2 results show quite clearly the signatures of the extreme negative NPI in the SLP anomalies (Fig.
41). The upper tropospheric P anomalies (Fig. 4k) show a North/South dipole pattern in the
western North Pacific (something that is less evident in the height anomalies shown in Fig. 3b)
apparently emanating from the region of excessive precipitation just west of the dateline, with the
negative pole directly above the anomalous deep Aleutian low which extends across the entire

length of the North Pacific basin.

14



324

325

326
327
328
329
330
331

332

333
334
335
336
337
338

Mar to May 1993

a Precip anomalies b 250hPa Stream Function cnomalies

e e T
I i O

Tk kR L T T T e R )

Figure 4: Left panels: Precipitation anomalies (mm/day). Middle panels: The 250 hPa stream
function () anomalies (10° m?/s ). Right panels: Sea level pressure anomalies (hPa). The results
are from top to bottom for NORPL, RPL_TR, RPL TCP, and MERRA-2. All results are March to
May 1993 averages, and all model results are the ensemble means. The red boxes indicate the
replay regions. The climatology used to produce the anomalies spans the years 1991-2020. The
MERRA-2 precipitation is an observationally corrected product (Reichle et al. 2017).

The RPL_TR simulations (Figs. 4d-f) show somewhat similar anomalies in the North Pacific (for
both Y and SLP) though weaker and less extensive in the east/west direction. The tropical
precipitation anomalies are of course largely reproduced by design, though it is worth
remembering that replay does not directly constrain the precipitation. Notice that the anomalies
are considerably different from those of NORPL (Figs. 4a-c). In particular, the { anomalies in
NORPL in the North Pacific are weaker and mostly confined to the eastern subtropical North

15
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Pacific, with a considerably weaker SLP anomaly. The precipitation anomalies in the tropical
Pacific are also quite different, showing little signature of the positive anomaly west of the dateline;
only weak positive anomalies are seen, largely confined to the eastern tropical Pacific (Fig. 4a). It
thus appears that the NORPL { anomalies are a response to the weak eastern tropical Pacific
surface heating. To confirm that the RPL_TR results mostly reflect the response to the heating
near the dateline, we show in Figs. 4g-i the results of replaying a much smaller tropical region
(RPL_TCP) that just encompasses the main positive precipitation anomaly. We see that much of

the RPL_TR response is indeed reproduced in those runs.

It is important here to point out that there is considerable variability in the MAM atmospheric
response in the North Pacific even if the tropics are essentially perfectly known. This is illustrated
in Fig. 5 which shows the results (250hPa stream function and SLP anomalies averaged over the
North Pacific region in Fig. 3b) for the individual ensemble members from RPL. TR. Here we see
that while the impact of replaying the tropics is to shift the ensemble mean values towards the
observed (MERRA-2) values (see also Figs. 4e and f), there is considerable intra-ensemble
variability in the results, reflecting the internal (unforced by SST) atmospheric variability in the
North Pacific. As such, the RP_TR results should be interpreted probabilistically. That is, we
need to consider both the shift in the ensemble mean and the ensemble spread in telling us about

the extent to which the tropical forcing increased the probability of the observed value occurring.
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Figure 5: Scatterplot of the 1993 MAM 250 hPa stream function (Jr) anomalies (10° m?/s ) versus
the sea level pressure anomalies (SLP, hPa) averaged over the region (30°N— 65°N, 160°E-
140°W). The small black dots are the individual ensemble members from RPL_TR. The large
black dot is the ensemble mean. The red dot indicates the MERRA-2 values.

Given the key role of that tropical precipitation anomaly just west of the dateline in forcing the
extratropical response, it is important to understand why it is not reproduced in the NORPL runs.
In fact, none of the 45 NORPL simulations (runs that are forced with the observed SST) produce
positive tropical precipitation anomalies west of the dateline anywhere close to the observed
(MERRA-2) amplitude (not shown). Assuming 45 ensemble members are sufficient to sample the
spread of the possible outcomes and that the AGCM is not deficient, this suggests coupling to the

ocean may be important. To address this, we next turn to our GEOS S2S-2 model hindcasts.
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Fig. 6 shows that coupling with the ocean does indeed appear be important for generating the
observed tropical (precipitation) and extratropical response as highlighted by a remarkably skillful
MAM hindcast produced with the GEOS S2S-2 coupled model from the January 16 initial
conditions (cf. the first and second columns of Fig. 6). This is one of 8 hindcasts initialized every
5 days during January and February 1993 (see Section 2¢). This result, however, is not robust; we
performed 10 additional simulations by perturbing® the January 16 initial conditions and found
that the relatively small perturbations to the initial conditions leads to quite different outcomes (the
last column of Fig. 6 shows the ensemble mean). We look at all 8 hindcasts initialized in January
and February 1993 in section S2. Based on those results, we speculate (and provide some evidence
in section S2) that the observed atmospheric response to those SST anomalies appears to reflect
one of two possible Bjerknes feedback regimes, with the other characterized by an atmospheric
response largely confined to the eastern North Pacific — something more typical of a medium to
strong El Nifio event. With so few cases (8) we are unable to assess what, if anything, in the initial
conditions leads to one or the other regime, underscoring the challenge of predicting this key
precursor to the summer flooding. Nonetheless, that the coupled model shows a more realistic
response to the SSTs in at least a few members (compared to no members from the AGCM), again

demonstrates the likely importance of coupling

® 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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Figure 6: Selected MAM 1993 results from MERRA-2 and GEOS-S2S-2 coupled model
hindcasts. The results (anomalies) are from top to bottom, SST (K), precipitation (mm/day), 250
hPa stream function ($250, 10°m?/s) and sea level pressure (SLP, hPa). The first column is
from MERRA-2, the second column is from a GEOS-S2S-2 coupled prediction initialized on
January 16, and the third column is the ensemble mean results from an 11-member suite of
hindcasts initialized by perturbing the January 16 initial conditions.

c. The Summer (June and July) Anomalies

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

and equatorward-shifted North Pacific jet and a vigorous storm track that extended in the US
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Figure 7: a) The June 1993 zonal-mean u-wind anomalies (black contours, every 0.5 m/s,
negative dashed and zero omitted) with superimposed anomalous zonal-mean v-wind squared
associated with the transient eddies ([v*'v*'], shaded, m?/s?). Green contours are the
climatological zonal-mean u-winds, with contours every 5 m/s (negative dashed and zero
omitted). b) Same as (a) but for July 1993. ¢) The June to July 250mb zonal-mean u-wind
averaged between 35N and 45N for the period 1981 through 2023. The climatology used to
produce the anomalies spans the years 1991-2020. Results are from MERRA-2.

Midwest during June, contributing to the wet conditions there. Figures 7a and 7b show that the jet
enhancement, its equatorward shift, and enhanced storm track (transient eddy activity’) have
signatures in zonal-mean statistics. The anomalous transient eddy activity is, during both months,

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

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
jet is highlighted in Fig. 7c, which shows that the 1993 June/July middle latitude zonal-mean u-
wind anomalies in the upper troposphere have not been surpassed in strength in the last four
decades, though it is noteworthy that part of that value (about 10%) appears to be related to a trend

that acts to decrease the values in the later years.

The above summer zonal-mean anomalies appear to reflect, in part, the persistence of the
springtime anomalies in the North Pacific associated with the record NPI, with the cold
tropospheric temperatures (between 30°N-60°N) persisting into the summer (cf. Figs. S3a,b). In
addition, those cold temperatures were supported by a band of unusually cold SST anomalies
spanning much of the North Pacific between 30°N and 40°N that developed as a result of the strong
MAM surface westerlies linked to the record deep Aleutian low (Figs. S3c,d). Those cold SSTs
presumably acted to feedback on the atmosphere supporting the development of an enhanced North
Pacific jet. However, understanding what produced the hemispheric-wide changes in the jet and
eddy activity requires an assessment of the feedback between the eddies and the zonal-mean u-
wind. A useful diagnostic in that regard is the Eliassen-Palm (E-P) flux (Eliassen and Palm 1961)
which quantifies the contribution of the eddies (deviations from the zonal mean) to the zonal-mean

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

% ~ (acosp) 'V -F , ()
where F is the E-P flux vector with components
F, = —acosp[u™v’] (3a)

E, = fa cosqo[v*@*]/[é?p]. (3b)
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In the above, the brackets represent a zonal mean, and asterisks the deviations from the zonal
mean. Also, a is the radius of the Earth, fis the Coriolis parameter, ¢ is latitude, 8 is potential

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

Fig. 8 shows the E-P fluxes and flux divergence superimposed on the u-wind anomalies for June
(left panels) and July (right panels) 1993. Here, the time averaged quadratic (E-P flux) terms
have been decomposed into contributions from the stationary and transient eddies. During June,
the upward flux between 40-50°N associated with the transient eddies (Fig. 8a) reflects the
developing baroclinic waves (Edmon et al. 1980) which, as they diverge in the middle and upper
troposphere, act to support the positive u-wind anomalies in the mid-troposphere centered on
30°N and north of about 40°N. On the other hand, it is primarily the downward and poleward E-
P flux associated with the stationary eddies that support the main positive zonal-mean u-wind
anomalies in the upper troposphere between 30-40°N (Fig. 8b). Those stationary eddies, while
not particularly strong, appear to be trapped within the jet wave guide throughout the hemisphere
between about 25°N — 45 °N (Fig. 10a), acting collectively to both strengthen and shift the
zonal-mean jet equatorward. Stationary eddies also appear to be the primary drivers of the main
negative u-wind anomaly between 60-80°N (Fig. 8b), though that is partly compensated for by
the transient eddies (Fig. 8a). Those stationary eddies are located primarily over northern
Eurasia (Fig. 10a) — our focus in Section 3.c.1. We note that the above negative zonal wind
anomalies (see also those for July in Fig. 8¢) contribute to narrowing the meridional jet profile
and producing the double jet structure that appears to be an important factor in facilitating quasi-

resonance (Petoukhov et al. 2013).

During July, it appears again that the main support for the positive u-wind anomalies between
about 25-40°N is provided by the stationary eddies with E-P fluxes that are directed poleward
and downward (Fig. 8e), thereby again acting to both strengthen and shift the jet equatorward.
The stationary eddies are also trapped within the jet wave guide though in July they are primarily
located over the North Pacific/North American region (Fig. 13a): our focus in Section 3.c.2.
While the impact of the transient eddies is spatially rather noisy (Fig. 8d), they reinforce the
stationary waves upper tropospheric impact between 50°-60°N to enhance the negative u-wind

anomalies there (Fig. 8f).
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473  MERRA-2. Top panels: The anomalous transient eddy E-P flux (F, vectors) and divergence of F
474  (shaded, m/s day™'). The transient fluxes are computed from instantaneous 6-hourly deviations
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476  stationary eddies. Bottom panels: Same as top panels but for the transient plus stationary eddies.
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Here, it is important to note that the summertime hemispheric-wide expansion of the eddy activity
is facilitated by the climatological annual cycle of the zonal winds, which results in (even in the
absence of any anomalous forcing) a longitudinally more uniform wave guide for the eddies
(waves) to propagate around the globe during summer, compared with spring when the waveguide
is more limited in extent since the strongest zonal winds are largely confined to the western North
Pacific (not shown). In summary, the anomalous summer (June/July) jet enhances the wave
activity and is itself enhanced by the wave activity, representing a feedback. Specifically, the jet
enhances transient eddy activity, the transient eddies help force stationary eddies (see below), and

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

We next examine the pronounced stationary waves that developed over the eastern hemisphere
(0°-120°E) in June, and over the North Pacific/North American region (150°W — 60°W) in July
(Fig. 2). While our main focus is on the northern Great Plains (our flood region) in July, a brief
look into the causes of the June extreme precipitation event over western Eurasia (with details in
section S4) helps to underscore the hemispheric-scale controls of the unusually strong stationary

and transient eddy activity during those two months.

cl. The June event

Figure 9 shows that the overall wet conditions that occurred throughout the NH middle latitude
land areas averaged for June and July (Fig. 1) is already clearly evident in June. In addition to the
wet conditions over the U.S. northern Great Plains tied to the active storm track (Fig. 2), there is
also excessive precipitation over northwestern Eurasia (black box in Fig. 9a). This region received
more precipitation during June 1993 than in any other June of the last four decades (Fig. 9b),
apparently reflecting the impact of the pronounced stationary wave that developed there that month
(Fig. 2). We now examine this with our AGCM replay results. The first issue to be addressed is
whether any of our replay simulations reproduce the record precipitation anomalies and

concomitant circulation anomalies in that region.
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Figure 9: a. The 1993 June Northern Hemisphere precipitation anomalies (mm/day). b. The June
precipitation anomalies (mm/day) averaged between (40°N-70°N, 30°E-60°E, see black box in a)
for 1981 through 2023. The precipitation data are from GPCP V2.3 (Adler et al. 2016). The
climatology used to produce the anomalies spans the years 1991-2020. Images provided by the
NOAA-ESRL Physical Sciences Laboratory, Boulder Colorado from their Web site at
https://psl.noaa.gov/.

This is addressed in section S4 (see Fig. S4.1) where we show results for the individual ensemble
members, highlighting the fact that for both NORPL and RPL_TR the observed precipitation
anomaly over western Eurasia (see box in Fig. 9a) is a highly unlikely event. In contrast, replaying
the NA region (RPL NA) makes the observed precipitation anomaly much more likely (the
observed value is well within the scatter of the ensemble members). As such we focus next on the

ensemble mean RPL_NA results.
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Fig. 10a shows that a pronounced stationary wave indeed extended across much of northern
Eurasia during June 1993. Furthermore, that wave is largely reproduced (though weaker) in the
RPL NA ensemble mean results (Fig. 10d). The MERRA-2 precipitation and 850mb wind
anomalies (Fig. 10b) exhibit a wave-like structure (presumably reflecting the upper-level
circulation) with the main positive precipitation anomalies occurring within a region of low-level
cyclonic circulation anomalies. This basic structure is again largely reproduced in RPL NA (Fig.
10e). Furthermore, the observed cold T2m anomalies together with a tendency for warm

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

June 1993
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Figure 10: MERRA-2 (top panels) and RPL_NA (bottom panels) results for June 1993. The results
are from left to right: 250 hPa v-wind anomalies (m/s) with climatological June 250 hPa u-wind
superimposed (contour every 5 m/s, negative dashed and zero omitted), precipitation anomalies
(mm/day) with superimposed 850 hPa wind vector anomalies (m/s), and T2m anomalies (°C). The
red box in the bottom left panel indicates the RPL_NA replay region. The black boxes outline the
region of interest used to produce the scatterplot in Fig. S4.1.
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It thus appears from our replay experiments that the key forcing region for that stationary wave is
likely somewhere in the NA region. Further insight into the location and nature of the forcing is
provided in section S4 employing the SWM. There we show that it was transient vorticity forcing
at and just east of the North Atlantic jet exit region that was responsible for forcing the stationary
wave. In summary, it thus appears that the active storm track in the North Atlantic produced the

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

We next turn to the Midwest July event.

c2. The July event

July was (like June) wet throughout much of the middle latitude land areas (Fig. 11a). Here we
focus on the region with excessive precipitation encompassing the northern Great Plains extending
westward and northward into Canada (black box in Fig. 11a). This region received by far a record
amount of July precipitation during 1993 (Fig. 11b), occurring in conjunction with the pronounced
stationary wave that developed there that month (Fig. 2). Here again we determine whether any
of our AGCM replay simulations reproduced the record precipitation anomalies and concomitant

circulation anomalies in that region.
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Figure 11: a. The 1993 July Northern Hemisphere precipitation anomalies (mm/day). b. The July
precipitation anomalies (mm/day) averaged between (35°N-60°N, 120°W-90°W, see black box in
a) for 1981 through 2023. The precipitation data are from GPCP V2.3 (Adler et al. 2016). The
climatology used to produce the anomalies spans the years 1991-2020. Images provided by the
NOAA-ESRL Physical Sciences Laboratory, Boulder Colorado from their Web site at
https://psl.noaa.gov/.

Fig. 12 shows a scatterplot of precipitation versus T2m anomalies averaged over the region
outlined in Fig. 11a for our various AGCM simulations. In this case, in addition to the NORPL
and RPL_TR runs, we examine the results for RPL__CNP— a region in the North Pacific that is just
upstream of our North American region of interest. Neither NORPL nor RPL TR produce
significant positive precipitation anomalies in the ensemble mean, though both (especially

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

569  precipitation anomaly. Forcing in the CNP region thus appears to be important.
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572 Figure 12: a. Scatterplot of the July 1993 precipitation (mm day™') versus T2m (°C) averaged over
573  the North American flood region (35°N-60°N, 120°W-90°W, see black box in Fig. 11a) for all the
574  ensemble members (45) of the model runs (RPL_TR inred, RPL_CNP in green, NORPL in black).
575  The small dots are the individual ensemble members and the large dots are the ensemble means
576 ~ and MERRA-2 (in grey) results.

577

578  Fig. 13 compares the RPL_ CNP ensemble mean results with MERRA-2. MERRA-2 shows a
579  pronounced stationary wave in the 250hPa v-wind extending from the eastern North Pacific across
580  North America and into the North Atlantic (Fig. 13a). Over North America this coincides with

581  strong southwesterly 850 hPa winds in the central U.S. — winds that are especially strong in the
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northern Great Plains where they coincide with the pronounced positive precipitation anomalies
in that region (Fig. 13b). The strong southerly wind anomalies reflect an intensification of the
GPLLJ and enhanced low-level moisture transport deemed key to producing the extreme
precipitation in the upper Midwest during July (e.g., Mo et al. 1995; Bosilovich and Sun 1999;
Weaver et al. 2009). Those southerly winds are part of an overall anticyclonic circulation anomaly
over the southeast U.S. and a cyclonic circulation anomaly to the north/northwest where it
coincides with a secondary positive precipitation anomaly that extends into the Canadian Prairies
(Fig. 13b). The cyclonic anomaly also coincides with the coldest T2m temperature anomalies that
span much of the upper U.S. and southern Canada west of the Great Lakes (Fig. 13¢). Overall, the
low level wind anomalies appear to be in phase with the upper level winds, suggesting a generally

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

The results for RPL_CNP (second row of Fig. 13) show similar features, though with somewhat
weaker amplitude. These include the stationary wave (Fig. 13d) and the enhanced southwesterly
low level winds in the central U.S. that coincide with positive precipitation anomalies in the upper
Midwest (Fig. 13e). There is also a signature of the cyclonic circulation anomaly and associated
positive precipitation anomalies that extend into southern Canada, as well as the cold anomalies

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

Given these results, it is very likely that the forcing of the stationary wave lies somewhere in the
central North Pacific (the CNP replay region). So, we again turn to the SWM to better pinpoint

the upstream forcing region as well as determine the nature of the forcing (vorticity or heating).
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Figure 13: MERRA-2 (top panels) and RPL_CNP (bottom panels) results for July 1993. The
results are from left to right: 250 hPa v-wind anomalies (m/s) with climatological July 250 hPa u-
wind superimposed (contour every 5 m/s, negative dashed and zero omitted), precipitation
anomalies (mm/day) with superimposed 850 hPa wind vector anomalies (m/s), and T2m anomalies
(°C). The red box in panel d indicates the RPL_CNP replay region.

Before examining the SWM results we should say something about our choice of the basic state
for the SWM calculations. The most obvious choice here would be to use the full three-
dimensional climatological July basic state (for June, we did use the full three-dimensional
climatological June state). It provides the most relevant background flow upon which the July
1993 waves can propagate without over specifying the background flow. Having said that, we
chose our background state to be the July 1993 zonal mean. We do this because according to a
previous study, the 1993 July zonal-mean basic state was conducive to resonance and played a role
in the amplification of that stationary wave (Petoukhov et al. 2013). Indeed, the steep meridional
gradients of the unusually strong 1993 zonal-mean jet are likely to be more important than any

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

to the July basic state.

Focusing the SWM analysis on the observed upper tropospheric stream function anomalies
encompassed by the black box in Fig. 14c, Figs. 14a and 14b provide, respectively, the resulting
sensitivity maps for vorticity and heat. For both forcings, the sensitivity pattern for producing
such a stationary wave response consists of wavelike structures oriented in a southwest/northeast
direction spanning much of the North Pacific. For vorticity, the largest sensitivity occurs to the
north and east of the dateline (along the southern half of the zonal-mean jet) where the pattern
forms a positive/negative dipole extending from just northeast of Hawaii to the west coast of North
America. For heating, the largest sensitivity has a somewhat similar wave structure, though it is

more confined to the eastern North Pacific.

Fig. 14d shows that the SWM when forced by the idealized vorticity weighted by the sensitivity
does again (as we saw for June) reproduce the observed response (cf. Figs. 14c and 14d).
Comparing the sensitivity maps with the actual vorticity and heat forcing (from MERRA-2) shows
little overlap for the heating (cf. Figs. 14b and 14f) but considerable overlap for the vorticity (cf.
Figs. 14a and 14e), suggesting again that the transient vorticity forcing, with positive forcing to
the north and east of Hawaii, is likely most responsible for forcing the stationary wave.

Accordingly, the most relevant forcing does indeed appear to lie within the CNP region.
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SWM analysis for NA wave train, July 1993
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Figure 14: Results of the stationary wave model (SWM) vorticity and heating experiments
targeting the July 1993 stationary wave (outlined by the black box in panel c¢). The basic state is
the July 1993 zonal mean. a. The sensitivity map (s) for vorticity forcing (shaded). b. As in (a) but
for heat forcing (shaded). c. The observed July 1993 ¢ anomaly from MERRA-2 interpolated to
6=0.257 (10°m?%/s). d. Reconstruction of the observed target ¢ anomalies at =0.257 (10" m?/s),
computed by scaling the SWM response maps to vorticity forcing (each associated with a specific
forcing location) by the forcing sensitivity at the corresponding forcing locations (shown in panel
a) and then summing them. e. The July 1993 transient vorticity forcing (negative of the inverse
Laplacian, see text) based on MERRA-2, interpolated to 6=0.257 (m?/s?). f) The estimated July
1993 diabatic heating (Q, K/day) in the mid-troposphere (6=0.46) based on MERRA-2. 1In all
panels, the straight lines denote the upper tropospheric (6=0.257) July 1993 zonal-mean u-wind
based on MERRA-2 (contour interval is 10 m/s), and the boxes outline the target region.

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

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

environments.

4. Summary and Conclusions

In this study we have revisited the cause of the 1993 U.S. Midwest flooding event. Our purpose
was in part to clarify some remaining uncertainties about the relative roles of tropical and
extratropical forcing, and in part to provide a spatially and temporally broader perspective on the
flooding which occurred in a year of multiple spring and summer extremes, some of which
occurred in regions far from the Midwest. These include an unusually cold spring Pacific warm
pool, a record deep spring Aleutian Low, a record strong June/July NH middle latitude zonal-
mean jet, and record June/July wet conditions that spanned much of the Northern Hemisphere
middle latitude land areas. Specifically, our results, summarized below, address the following
questions 1) what drove the anomalous spring (MAM) precursor environment, and 2) how that
environment facilitated the development of the two pronounced stationary waves that produced
record rainfall over western Eurasia in June and over the U.S. Midwest in July. Our results also
provide some insight into what made the U.S. Midwest flooding such a singular extreme event —

still considered extreme today, three decades later.

Here we show that the record springtime Aleutian low was part of a deep North Pacific wave
response to strong precipitation/heating anomalies in the equatorial Pacific just west of the
dateline. The unusual nature of those springtime tropical precipitation anomalies (just west of
the dateline) and the associated atmospheric response can be traced to two factors. First, there is
the unusual nature of the tropical Pacific SST anomalies, which were tied to a short-lived, weak,
and unusually-timed El Nifio (forced in January by a strong MJO event, Delcroix et. al. 2000),
and the unusually cold Pacific warm pool SST (a likely lingering impact of the June 1991
Pinatubo eruption, Ward et al. 2021). Second, our GEOS coupled model predictions indicate
that the MAM atmospheric response to those SST anomalies (a response that in nature was
largely confined to the western Pacific) appears to reflect one of two possible coupled outcomes,
with the other characterized by an atmospheric response largely confined to the eastern North

Pacific — something more typical of a medium to strong El Nifio event. Of the eight coupled
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hindcasts initialized in January and February of 1993, four did produce a MAM response in the
western/central North Pacific. One hindcast in particular (initialized on January 16) produced a
remarkably skillful forecast of the MAM precipitation and circulation anomalies. We speculate
(see section S2) that those results reflect two different Bjerknes feedback regimes possible under
weak El Nifo conditions. It is unclear from our limited sample of hindcasts, however, whether
anything systematic in the initial conditions would allow us to predict which of those responses

would occur.

While the above results point to the importance of the tropical heating just west of the dateline
for generating the extreme atmospheric response in the North Pacific during MAM, it is
important to note that internal atmospheric variability also played a role. This is highlighted by
the intra-ensemble variability in our 45 tropical replay runs (Fig. 5), which show that even if the
tropics are essentially perfectly known, there is still considerable intra-ensemble variability in the

extratropical response.

The springtime response in the North Pacific set the stage for the subsequent wet conditions that
developed throughout the NH middle latitudes during June and July in the following ways.
First, very cold tropospheric temperatures in the North Pacific (between 30°N-50°N) associated
with the above-mentioned MAM wave response persisted into June and July. Those cold
June/July temperatures were supported at the surface by unusually cold summer SST anomalies
that developed in the North Pacific between 30°N-40°N in the vicinity of the strong surface
westerly anomalies (associated with the deep Aleutian low). The strong SST gradients in the
North Pacific facilitated the development of the enhanced jet (see below) and the baroclinic

waves that eventually impacted the US Midwest in June.

While the above MAM wave response was largely confined to the North Pacific, the expansion
of the enhanced jet and eddy activity to eventually encompass the entire NH middle latitudes in
June and July was facilitated by several factors. First, the mean annual cycle played a role, with
the seasonal progression from a springtime jet predominately confined to the western North
Pacific to the summertime more longitudinally-uniform jet. This facilitated the propagation of

waves/eddies around the globe during June and July. The zonal-mean jet was enhanced during
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June and July through feedbacks with both the transient and stationary eddies. In fact, it was
primarily the stationary eddies that produced the enhancement and equatorward shift of the
zonal-mean jet — eddies that were themselves trapped within the jet wave guide. The enhanced
transient eddies did, however, play a critical role in forcing (via transient vorticity forcing) two
pronounced stationary waves —one in June anchored over northern Eurasia, and another in July
anchored over the Pacific/North American region, resulting in the record precipitation anomalies
over northwestern Eurasia and the Northern Great Plains, respectively. As such, the transient

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

With this in mind, we can now address the unresolved issues and/or conflicting results from
previous studies concerning the relative contributions to the Midwest flooding of forcing from
the tropics and midlatitudes. We have shown that while both the tropics and midlatitudes do in
fact play a role, their influence occurred at different times during the course of the spring and
summer. Tropical forcing, in particular the precipitation/heating anomalies in the tropical
Pacific just west of the dateline, was key to forcing the springtime wave response in the North
Pacific that set the stage for the subsequent summer anomalies (consistent with Bell and
Janowiak 1995). Tropical forcing does not appear to have played a direct role in the following
months (June/July), given that the weak El Nifio had essentially ended by June, and the seasonal
expansion of the tropical easterlies would tend to suppress any wave response propagating into
the middle latitudes. Middle latitude forcing was key to driving events during June and July. In
particular, the transients (weather systems) did play a role as generally agreed upon in previous
studies (e.g., Mo et al. 1995; Trenberth and Guillemot 1996), though their role in June differed
from that in July. During June they (the weather systems) had a direct impact on the
precipitation over the Midwest as already well documented (e.g., Bell and Janowiak 1995). It is
during July, however, that they had the biggest impact on the Midwest by forcing (via anomalous
transient vorticity forcing in the North Pacific) the pronounced stationary wave over North
America (consistent with Liu et al. 1998), that facilitated the record precipitation over the US
Midwest during that month. And again, the transients also played a direct role in forcing the
enhanced NH jet during both June and July, though we have found that it was the stationary

(monthly mean) eddies that provided most of the forcing of the anomalous jet.
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While we have not addressed the potential role of land feedbacks, the soil was clearly already
quite wet during June and thus certainly amplified the July flooding (e.g., Kunkel et al. 1994); it
seems unlikely however that they had a substantial impact on the main circulation anomalies
(e.g., Weaver et al. 2009). On the other hand, the fact that the GEOS AGCM (even when given
the correct forcing in the central North Pacific) did not fully reproduce the extreme precipitation
that fell over the Midwest during July indicates that possible land feedbacks deserve further

investigation.

Finally, we can now also provide some insight into what made the 1993 Midwest flooding such a
singular extreme event. In particular, our results suggest that the sequence of events leading to
the US Midwest Great Flood had its origins in both the 1991 Pinatubo eruption (via its impact on
the Pacific warm pool) and a pronounced January 1993 MJO that initiated the late winter/early
spring El Nifio event. Furthermore, this occurred in a Pacific climate regime (which ended in
1998/99) during which the boreal spring tropical Pacific SST anomalies were more likely
(compared to recent decades) to produce a cyclonic circulation response over the North Pacific -
something that helped set the stage for the subsequent 1993 summer flooding event. Clearly,
such a combination of events, in the presence of substantial internal atmospheric variability, is

unlikely to be repeated in the foreseeable future.
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