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Abstract.  On 10 August 2020, a derecho caused widespread damage across Iowa and Illinois.  31 

Des Moines station data show that the arrival of the gust front was characterized by an abrupt 32 

shift to northerly flow, exceeding 22 m/s for ~ 20 min.  To test the hypothesis that this northerly 33 

jet is associated with a horizontal potential vorticity (PV) dipole in the lower troposphere, we 34 

investigated the structure of PV in the University of Wisconsin Nonhydrostratic Modeling 35 

System (UWNMS) and of absolute vorticity in High Resolution Rapid Refresh (HRRR) forecast 36 

analyses.    37 

 This structure is described here for the first time.  The negative PV member coincides 38 

with the downdraft, while the positive PV member coincides with the updraft, with a northerly 39 

jet between. The westerly inflow jet descends anticyclonically in the downdraft, joining with 40 

northerly flow from the surface anticyclone.   The resulting northerly outflow jet creates the 41 

trailing comma-shaped radar echo. 42 

 The speed of propagation of the derecho is similar to the westerly wind maximum in the 43 

3-5 km layer associated with the approaching synoptic cyclone, which acts as a steering level for 44 

resonant amplification. Idealized diagrams and 3D isosurfaces illustrate the commonality of the 45 

PV dipole / northerly jet structure.  Differences in this structure among three model states are 46 

related to low-level wind shear theory.   The PV dipole coincides with the pattern of diabatic 47 

stretching tendency, which shifts westward and downward relative to the updraft/downdraft with 48 

increasing tilt.  The PV dipole can contribute toward dynamical stability in a derecho. 49 

 50 

Significance Statement.   The purpose of this work is to investigate the structure of potential 51 

vorticity (PV) in the lower troposphere in a derecho.  It is found that a northerly outflow jet 52 

occurs between an east-west oriented horizontal PV dipole, which is described here for the first 53 

time.  The negative PV member coincides with the downdraft and is inertially unstable, while the 54 

positive PV member coincides with the updraft.  This work contributes toward the theory of 55 

resonant structures and longevity.  The 3-5 km westerly inflow layer constitutes a steering level, 56 

which controls propagation speed despite differences in structure.  The degree of westward tilt 57 

with height is related to the pattern of forcing by diabatic stretching in producing the PV dipole.   58 

 59 

 60 
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1. Introduction  61 

 Deep convective updrafts and downdrafts play a crucial role in determining the growth 62 

and structure of mesoscale convective systems (MCSs).   Davies-Jones (1984), Montgomery et 63 

al. (2006), Chagnon and Gray (2009), Davis and Galarneau (2009), and others have shown that a 64 

horizontal potential vorticity (PV) dipole can be formed by an updraft in shear, where 65 

horizontally-oriented vorticity can be bent into a horseshoe shape by an updraft caused by 66 

diabatic heating.  Hitchman and Rowe (2017, 2019) studied horizontal PV dipoles in the upper 67 

troposphere / lower stratosphere (UTLS) over deep convection in tropical and midlatitude 68 

cyclones, and found amplitudes of ~ +/-10 – 20 PVU, where 1 PVU = 10-6 m2 K kg-1 s-1. They 69 

suggested that UTLS PV dipole formation by the diabatic tilting term can be interpreted in terms 70 

of momentum transport by an updraft in shear.  Air transported into an environment moving at a 71 

different speed and direction, will create a mesoscale jet, and therefore an associated horizontal 72 

PV dipole.  Since vertical motion is limited by both the ground and the discontinuity in static 73 

stability at the tropopause,  it was hypothesized that a downdraft in shear might create a 74 

mesoscale jet and horizontal PV dipole in the lower troposphere.   Since a downdraft in shear is 75 

an essential aspect of a derecho, it was decided to investigate the PV structure of a derecho in the 76 

lower troposphere.   77 

 It is of interest to study PV dipoles since they can have a longer lifetime than the 78 

convection that initiates them (Chagnon and Gray 2009, Weijenborg et al. 2017).  Emanation of 79 

gravity wave activity has been shown to occur simultaneously with the creation of horizontal 80 

vortex dipoles (e.g., Snyder et al. 2007, 2009, Muraki and Snyder 2007, Wang et al. 2009, 81 

Hernandez-Duenas et al. 2014, Plougonven and Zhang 2014, and Rocha et al. 2018).  The 82 

formation of horizontal PV dipoles and emission of gravity waves can play a significant role in 83 

the dynamical adjustment process by which a derecho evolves into a balanced structure. 84 

 The derecho is a particularly damaging and long-lasting type of MCS, with a 85 

characteristic westerly inflow layer and downdraft.  Corfidi et al. (2016) define a derecho as “a 86 

family of damaging downburst clusters associated with a forward-propagating MCS that, during 87 

part of its existence, displays evidence of one or more sustained bow echoes with mesoscale 88 

vortices and/or rear-inflow jets. The damage swath must be nearly continuous, at least 100 km 89 

wide along most of its extent, and 650 km long”.     90 
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 On 10 August 2020, a derecho formed in northeastern Nebraska at ~ 1300 UTC (8 am 91 

Central Daylight Time; CDT = UTC – 5 hr) and travelled eastward across Iowa, Illinois, Indiana, 92 

and western Ohio.   Wind damage over 90,000 square miles resulted in $11.5B loss in property.  93 

Peak wind gusts topped 140 mph in Cedar Rapids, Iowa, and at least 26 tornadoes were 94 

spawned.  More than 1,000,000 customers lost power, numerous injuries were counted, and four 95 

people lost their lives (Chicago Weather Forecast Office 2021).  96 

  The Iowa derecho of 10 August 2020 was a high-end event (three or more gusts 97 

exceeding 32 m/s), which occur every 2-3 years, in a climatological maximum extending from 98 

Minnesota southeastward into Indiana, Ohio and West Virginia (Johns and Hirt 1987, Coniglio 99 

and Stensrud 2004, Guastini and Bosart 2016).  Summertime configurations favorable to the 100 

formation of derechos include an upper-level trough approaching a mid-tropospheric ridge from 101 

the west (Coniglio et al. 2004).   As will be shown, the synoptic setting for the 10 August 2020 102 

derecho includes an approaching upper-level cyclone, and a lower-tropospheric anticyclone. 103 

 To investigate the hypothesis that a downdraft in a derecho is associated with a lower-104 

tropospheric PV dipole, we carried out simulations of the Iowa derecho of 10 August 2020 with 105 

the University of Wisconsin Nonhydrostatic Modeling System (UWNMS), which has Ertel’s PV 106 

as a standard output variable.   An idealized diagram of the meridional jet / PV dipole found in 107 

UWNMS simulations (Fig. 1) illustrates the basic structure.   The westerly inflow jet turns 108 

clockwise as it sinks in the downdraft, becoming a northerly jet.  The updraft and positive PV 109 

anomaly coincide, while the downdraft and negative PV anomaly coincide, with the northerly 110 

outflow jet between.   111 

 112 
Figure 1.  Idealized 3D representation in the lower troposphere of the relationship between a) the 113 
westerly inflow jet (yellow), northerly surface outflow jet (green arrow), lower-tropospheric PV 114 
dipole (blue/negative and red/positive), downdraft (brown arrow), and updraft (black arrow), and 115 
b) perspective view showing the air mass pathways, with horizontal reference planes near the 116 
surface and 4 km altitude.   117 
 118 
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 We then investigated the dynamical structure depicted in High-Resolution Rapid Refresh 119 

(HRRR) model forecast analyses, which includes absolute vorticity as an output variable.   The 120 

radar reflectivity pattern of a derecho often evolves from a bow-echo to a comma echo 121 

(Przybylinski 1995, Weisman and Trapp 2003, Wakimoto et al. 2006, Atkins and St. Laurent 122 

2009).   This paper documents the relationship between the updraft / downdraft pair, lower-123 

tropospheric PV dipole, and northerly jet in the 10 August 2020 derecho, and its relationship to 124 

the characteristic equatorward bulge in the trailing comma radar echo pattern.    125 

The development of a rear inflow jet is crucial to the formation of a derecho (Weisman 126 

1992, 1993) and the westward tilt with height of the downdraft / updraft pair (Rotunno et al. 127 

1988, Weisman and Rotunno 2004).  The gust front updraft is forced by the cold outflow from 128 

the downdraft, where lifting of warm, moist air with high potential temperature by the density 129 

current leads to instability in the updraft.   In an MCS the degree of westward tilt of the updraft 130 

and the shape of the anvil outflow in the UTLS depends on the environmental wind shear profile.  131 

Shallow shear tends to promote a strongly-sloping front-to-rear flow with an extensive anvil 132 

developing to the west and trailing stratiform precipitation, while deep shear tends to promote an 133 

extensive anvil developing to the east and leading stratiform precipitation (Lin, 2007).   134 

The existence of a critical level at which the ambient wind speed, 𝑈, is equal to the phase 135 

speed of the derecho, c, implies that there is a steering level for the storm (Lin 2007).  This also 136 

implies that latent heating in the updraft and downdraft can effectively amplify the interaction 137 

between the updraft and downdraft.  In an idealized modeling study, Weisman and Rotunno 138 

(2004) found that, when shear in the lowest 5 km is increased from 10 m s-1 / 5 km to 20 m s-1 / 5 139 

km, the updraft becomes more upright, with a stronger forward anvil outflow.  At this level of 140 

shear there is still significant front-to rear outflow.  However, with a low-level shear of 30 m s-1 / 141 

5 km the front-to-rear flow disappears and the updraft is nearly upright.  This suggests that a 142 

low-level shear of ~ 20-25 m s-1 / 5 km might be optimal for a derecho, fostering longevity 143 

through structural stabilization, with positive feedback between forced condensation and 144 

hydrometeor cooling. The inflow jet experiences diabatic cooling and drag by hydrometeors in 145 

the downdraft (Markowski and Richardson 2010, Seigel and van den Heever 2013), which 146 

transports mid-tropospheric air with high momentum to near the surface and creates a cold pool.   147 

Since nearly straight-line motion is an essential aspect of a derecho, most studies have 148 

focussed on motions in longitude-altitude.   However, Evans et al. (2014) describe a family of 149 
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trajectories in a derecho which “descend from the north and northwest”.  In this study we explore 150 

the role of the meridional wind component and its relationship to PV structures, updrafts, 151 

downdrafts, and shape of the trailing comma echo. 152 

Lin and Smith (1986) investigated the response to a travelling region of cooling 153 

associated with falling hydrometeors in the downdraft of a squall line, which included a 154 

westward-tilted updraft/downdraft pair, and source of gravity wave activity.  The simultaneous 155 

formation of gravity waves and updraft/downdraft pair has been studied by Bretherton and 156 

Smolarkiewicz (1989), Pandya et al. (2000), Shige and Satomura (2000), Fovell et al. (2006), 157 

Lane and Zhang (2011), and Adams-Selin (2020).     158 

 Raymond and Jiang (1990) proposed that an MCS can maintain itself over a long period 159 

of time through interaction between the diabatic effects of moist convection and the vertical 160 

motion field.  They explored the contribution of diabatic heating in producing mesoscale PV 161 

anomalies by transporting mass across isentropic surfaces (see also Haynes and McIntyre 1990).  162 

Fritsch et al. (1994), Jiang and Raymond (1995), Wernli and Davies (1997), Lin (2007), and 163 

Chagnon and Gray (2009) found that diabatic vortex stretching in an updraft will generate a 164 

positive PV anomaly below the heating maximum.  In a negative buoyancy-driven downdraft, 165 

diabatic vortex shrinking will occur below the level of maximum cooling (Lin and Smith 1986), 166 

producing a negative PV anomaly in the lower troposphere.    In examining PV tendency in a 167 

convective situations, other authors have shown that the diabatic tilting term is important when 168 

there is significant vertical shear (Chagnon and Gray 2009, Weijenborg et al. 2017, Oertel et al. 169 

2020, Harvey et al. 2020, Prince and Evans 2022). 170 

 It is helpful for discussion to introduce the conservation equations for PV and absolute 171 

vorticity, since UWNMS output fields include Ertel’s PV at constant altitude, while HRRR 172 

output fields include absolute vorticity at constant pressure.  The vertical component of Ertel’s 173 

PV is 𝑃 = !
"!
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𝜃 is potential temperature, 𝑓 is the Coriolis parameter, 𝜌1 is the basic state density, 𝜕𝑥 =175 

𝑎 cos𝜙	𝜕𝜆, and 𝜕𝑦 = 𝑎	𝜕𝜙 (eqn. 3.1.4 Andrews et al. 1987).  Neglecting the net viscous force, 176 

the effects of diabatic stretching and diabating tilting on PV following the motion are given by 177 
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 (derived from eqn. 3.1.5 in Andrews et al. 1987).    Although 𝑄 is not available as an output 179 

field for the UWNMS, we can use scale analysis to estimate the likely relevance of the diabatic 180 

stretching and tilting terms.   Neglecting friction and solenoidal terms, the tendency equation for 181 

absolute vorticity following the motion is  182 

𝑑
𝑑𝑡
(𝜁 + 𝑓) = 	 (𝜁 + 𝑓)

𝜕𝑤
𝜕𝑧 +

𝜕𝑤
𝜕𝑦

𝜕𝑢
𝜕𝑧 −

𝜕𝑤
𝜕𝑥

𝜕𝑣
𝜕𝑧 								(2) 183 

(Holton and Hakim 2013).  Since 𝑤	 #$
#%
≈ 𝑄 in convection, similar scaling arguments can be 184 

made for PV and absolute vorticity. 185 

 Considering the diabatic stretching term !
"!	
(𝑓 + 𝜁) #2

#%
 , below a heating maximum in an 186 

updraft, #2
#%
> 0 will induce a region of 𝑃 > 0.  Below a cooling maximum in a downdraft, #2

#%
<187 

0 will induce a region of 𝑃 < 0 (Lin and Smith 1986).   Typical magnitudes may be estimated 188 

near 700 hPa, where 𝜌 ~ 0.8 kg m-3.   If we assume that 𝑓 + 𝜁 ~ 10-4 s-1, 𝑄	~ +/- 10 K/hr, and 𝛿𝑧 ~ 189 

3 km, the resulting PV tendency would be ~ +/- 0.4 PVU/hr.    190 

 To estimate the diabatic tilting term − !
"!	

#2
#&

#'
#%

 near 700 hPa, if 𝑄 ~ 10 K/hr, 𝛿𝑥	~ 50 km, 191 

and #'
#%

 ~ 20 m s-1 / 5 km, and if the two gradient fields are in phase, the diabatic tilting tendency 192 

would be ~ +/- 1 PVU per hour.  Near the tropopause (150 hPa), 𝜌 ~ 0.2 kg m-3.   If Q ~ 1 K/hr,  193 

𝛿𝑥	~ 50 km, and #'
#%

 ~ 30 m s-1 / 2 km in the UTLS, the diabatic tilting tendency would be ~ +/-1.5 194 

PVU per hour.    Once PV anomalies are formed by diabatic stretching and diabatic tilting they 195 

can be advected upward or downward along isentropes.     196 

 Evans et al. (2014) carried out a PV analysis for the formation of the cyclonic meso-beta-197 

vortex at the north end of the bow echo in the Super Derecho of 8 May 2009 (Weisman et al. 198 

2013).   Xu et al. (2015) studied the genesis of mesovortices in the bow echo system of this 199 

derecho using a model with a 4 km outer grid and 0.8 km inner grid. They found a long-lived 200 

cyclonic meso-vortex near the cusp of the bow echo which is somewhat similar to the east 201 

(cyclonic) half of the PV dipole to be described below.   In the present study, an east-west 202 

oriented PV dipole is diagnosed, with a northerly jet between.  To our knowledge, this structure 203 

has not been previously described in the literature.  204 

 The observations, UWNMS simulations, and HRRR analyses provide complementary 205 

information.  The UWNMS, with explicit moist convection, includes Ertel’s PV, equivalent 206 
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potential temperature, 𝜃3, and streamfunction as output variables, and evolves without updating 207 

information in the interior.  HRRR ingests radar and satellite data in a rapid update cycle, and 208 

includes absolute vorticity as an output variable.   This provides the opportunity for comparison 209 

of the location, rate of progression of the derecho, and dynamical structure. 210 

 Can a derecho can be produced in a model internally from “first principles” and a suitable 211 

initial state, or does one need to ingest detailed observations during integration to achieve a 212 

reasonable derecho structure?   Requisite elements include a sufficiently moist environment, 213 

forcing which provides uplifting, and environmental shear which helps to organize the storm.  214 

We investigated this by running the UWNMS using relatively coarse initialization data and 215 

updating only on the side boundaries.   The mesoscale detail that evolves in the UWNMS is a 216 

dynamically distinct solution relative to HRRR, which incorporates high resolution 3D 217 

information into the interior of the grid throughout integration.   If similar PV structures are 218 

found in the HRRR and UWNMS, this would support the robustness of the result.  219 

 The observational data sets, HRRR analyses, and UWNMS simulations used in this study 220 

are described in section 2.  A depiction of the derecho as seen in ground-based and satellite 221 

observations is given in section 3, including the temporal signature of the northerly jet at Des 222 

Moines, and the shape of the outflow cirrus.  HRRR synoptic-scale wind analyses at tropospheric 223 

pressure levels show the relationship between the approaching upper-level cyclone, westerly 224 

inflow jet, and surface anticyclone. The evolution of three simulations is described in section 4.  225 

The PV dipole / meridional jet structure, relationship with updraft / downdraft pair and westerly 226 

inflow jet are shown for UWNMS simulations in section 5 and for HRRR in section 6.   227 

Dynamical aspects discussed in section 7 include the role of the inflow jet in determining the 228 

speed and strength of the derecho, critical level theory, and the generation mechanism for the 229 

lower-tropospheric PV dipole.  Results are summarized in section 8. 230 

 231 

2. Observations, HRRR analysis, and UWNMS simulations 232 

a)  Radiosonde, surface, radar, and satellite observations 233 

 Hourly radar plots were used to estimate the rate of eastward progression of the gust 234 

front.  A surface station map was generated for 1600 UTC (11 am CDT) on 10 August 2020, 235 

when the gust front reached Des Moines, IA.  A special sounding was taken at Davenport, IA 236 

(DVN) at 1700 UTC (noon CDT), about 2 hours before the arrival of the gust front.   237 
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   Surface observations at 1-min interval were obtained for Des Moines, IA (DSM) for the 238 

12-hr period 1200 – 2400 UTC (7 am – 7 pm CDT) on 10 August 2020.  Both 1-min average 239 

wind speed (“wind speed”) and “gust speed” were obtained, along with 1-min average wind 240 

direction.   The National Weather Service defines a 2-min average gust speed as “the values of 241 

the 3-sec peak from the 5-sec sample containing the highest 3-sec peak wind speed”.  The Iowa 242 

Mesonet provided a 1-min average gust speed.   243 

 Lightning strikes detected by the GOES-16 Geostationary Lightning Mapper (GLM) 244 

during a 20 second period were superimposed on GOES-16 ABI L2 images of cloud top 245 

temperature and height at ~1800 UTC ( ~ 1 pm CDT). 246 

 247 

b) HRRR forecast analyses  248 

 High-Resolution Rapid Refresh (HRRR) model forecast analyses were obtained from 249 

NOAA.  The HRRR model has 3 km grid spacing, with radar data assimilated every 15 minutes 250 

over a 1-hr period (Dowell et al. 2022).   The HRRRv4 CONUS domain, with 1800 x 1060 grid 251 

points, spans the contiguous U.S.  We analyzed the HRRR forecast starting at 0000 UTC 10 252 

August 2020.  Three-dimensional isosurfaces were created using MATLAB. 253 

 254 

c) The University of Wisconsin Nonhydrostatic Modeling System (UWNMS) 255 

The UWNMS (Tripoli 1992a, b) was derived from the CSU model of Tripoli and Cotton 256 

(1982) and was designed to study the interaction between convection and its environment. We 257 

have used it to study inertial instability and midlatitude jets (Rowe and Hitchman 2015, 2016), 258 

UTLS PV dipoles (Hitchman and Rowe 2017, 2019), summertime flooding (Rowe and Hitchman 259 

2020), and tropopause folds (Hitchman and Rowe 2021).  260 

For the derecho simulations, the UWNMS was initialized with 0.5° data from the 261 

National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS) at 0000 262 

UTC 10 August and run for 24 hours, updating boundary conditions every 15 minutes (Table 1).   263 

 264 

 265 

 266 

 267 

 268 
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Model UWNMS version 8i 

Time 0000 UTC 10 August 2020 initialization, run 24 hr, output every 20 min 

Grid Domain 1200 km x 1200 km, spherical grid center point 41°N, 91°W 
300 m vertical grid spacing, 95 vertical levels, 5 soil grid points 
26.7 km model top with 1.5 km Rayleigh friction sponge layer 
85 vertical grid points in visualized domain (25.2 km top) 

Physics explicit convection, turbulent kinetic energy prediction  
Hashino and Tripoli (2007, 2011) microphysics 
lateral and upper boundaries - Hack/Schubert normal mode method 

Initialization 0.5° NCEP GFS data, boundary values updated every 15 min 

Runs 4 km horizontal grid spacing (UWNMS-4) 
8 km horizontal grid spacing (UWNMS-8)  

   269 

Table 1.  Specifications for UWNMS simulations. 270 

 271 

 We used a domain of 1200 x 1200 km centered in eastern Iowa (41°N, 91°W), covering 272 

36°N-46°N and 84°W-98°W.    Simulations were carried out with 4, 6, 8, 10, and 12 km grid 273 

spacing, keeping all other parameters constant.   The coherence of a derecho-like structure 274 

generally improved with smaller grid spacing (not shown).  Each simulation exhibited a different 275 

evolution history, with significant variation in amplitude and structure with time within each 276 

simulation.   In section 5 results are shown for simulations with grid spacings of 4 km 277 

(UWNMS-4) and 8 km (UWNMS-8). 278 

 279 

3.  Observational depiction of the Iowa Derecho of 10 August 2020 280 

a) Evolution of the gust front  281 

 An hourly sequence of radar reflectivity images during 1250 – 2350 UTC 10 August 282 

2020 (Fig. 2) shows that the derecho reached Des Moines at 1600 UTC (Fig. 2e) and Davenport, 283 

IA at 1900 UTC (Fig. 2h).  Gusts in the range 25-40 m/s were observed across Iowa during 1500 284 

- 1900 UTC (Iowa Environmental Mesonet).   This derecho developed a comma echo, with an 285 

initially linear convective cluster extending to the northeast (Fig. 2).   An equatorward bulge of 286 

the echo pattern developed as the derecho propagated into Illinois and Indiana (Figs. 2h-m).   287 

The leading edge of the comma traveled toward the east, but the surface outflow behind the gust 288 

front was northerly.       289 
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 290 
Figure 2.  a) Progression of the arc of high reflectivity from 1250 UTC 10 August to 0050 UTC 291 
11 August 2020 (7:50 am to 8:50 pm CDT 10 August).  Panels b) - m) show hourly snapshots 292 
from 1250 to 2350 UTC. The locations of Des Moines, IA (DSM), Davenport, IA (DVN), and 293 
Lincoln, IL (ILX) are indicated in panel a). Values of dBZ less than zero are not plotted. 294 
 295 
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 Campbell et al. (2017) used “the approximate center of the leading edge of the feature of 296 

interest” to define derecho speed.   Here we track the easternmost point of the echo pattern (Fig. 297 

2a).  The eastward speed was ~ 18 m/s at 1400 UTC, increasing to ~ 30 m/s at 1900 UTC, then 298 

decreasing to ~ 21 m/s by 2300 UTC, with a mean of 24.5 m/s (Fig. 3a).     299 

 300 
Figure 3.  a) Speed of propagation during 1400 UTC 10 August - 0000 UTC 11 August (9 am - 7 301 
pm CDT 10 August) 2020. Approximate arrival times at DSM, DVN, and ILX are indicated.  b) 302 
Surface station plot for 1600 UTC (11 am CDT) 10 August 2020.  The position of the cold front 303 
is shown.  Dew point temperatures exceeding 75℉	are shaded light green, less than 65℉	light 304 
brown.  The locations of Iowa (IA), Wisconsin (WI), and Illinois (IL) are indicated, along with 305 
stations DSM, DVN, and ILX (Lincoln, IL).  c) National Weather Service special sounding from 306 
Davenport, IA (DVN) at 1700 UTC (Noon CDT) on 10 August 10 (about 2 hours before the 307 
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arrival of the derecho). Profiles of temperature (℃, dark blue), dew point temperature (℃, light 308 
blue), and horizontal wind vectors (knots) are shown.    The level of free convection (LFC), 309 
equilibrium level (EL) and CAPE are indicated.    310 
 311 
 Mahoney et al. (2009) compared the speed of propagation of MCSs with maximum zonal 312 

wind speed in the cold pool and mean 900-200 hPa wind speed.  They found speeds of 10-22 313 

m/s, similar to the maximum zonal wind speed in the cold pool.  Corfidi et al. (1996) defined the 314 

advective component of an MCS to be proportional to the mean wind in the 850-300 hPa layer.   315 

In section 4 we will compare the speed of the gust front with the speed of the 850-700 hPa 316 

westerly inflow jet.  The 850-700 hPa (~ 3-5 km) layer was chosen because it is the layer of 317 

maximum westerly flow in this case.  It can be related to critical surface theory for low-level 318 

shear, where the outflow pattern in the upper troposphere depends on how low-level shear 319 

influences storm structure.   320 

 321 

b) Surface station chart 322 

 At 1600 UTC 10 August 2020 a cold front extended from Kansas to Wisconsin (Fig. 3b).  323 

Dew point temperatures, 𝑇4, exceeded 75℉ (24°C) over Iowa and most of Illinois, with values 324 

near 64℉ (18°C) along the cold front, and less than 60℉ (16°C) to the north and west of Iowa 325 

(Fig. 3b).   326 

 327 
c) Davenport, IA sounding at 1700 UTC 328 

 In the 1700 UTC DVN sounding (Fig. 3c) the level of free convection was ~ 2200 m and 329 

equilibrium level ~ 14,760 m, for a moderate CAPE value of ~ 1700 J/kg.   However, Evans and 330 

Doswell (2001) found that when synoptic-scale forcing is strong, derechos can develop and 331 

persist within environments with almost no CAPE evident on nearby soundings. From the 332 

surface to 3 km, wind speed increased upward by ~ 15 m/s (wind shear ~ 5x10-3 s-1), shifting 333 

from southwesterly to westerly.  Dry air with southwesterly flow is seen in the 6.5-8 km layer, 334 

above which the flow becomes increasingly westerly, reaching ~ 35 m/s near the tropopause ( ~ 335 

12 km).  In the 300-100 hPa layer there are alternating layers of stronger and weaker westerlies 336 

(Fig. 3c). 337 

 338 

d) Satellite cloud-top images 339 
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 At 1800 UTC the outflow gust front was located near 91.5°W, about an hour west of 340 

Davenport, IA (Fig. 2g).  A region of cloud top temperatures less than 210 K (Fig. 4a) and cloud 341 

top heights exceeding 16 km (Fig. 4b) is seen over east-central Iowa, with coincident lightning 342 

(Figs. 4a, b), indicating the presence of deep convection.  The cirrus outflow boundary coincides 343 

approximately with the 240 K contour.  The cirrus shield extends westward over Iowa, with the 344 

trailing stratiform region overlying the mid-level inflow jet (Smull and Houze 1987, Adams-345 

Selin and Johnson 2013), as well as northward over Minnesota, and northeastward over 346 

Wisconsin.  The shape of the cirrus shield is consistent with a vertical wind profile which allows 347 

for significant outflow both upstream and downstream in the UTLS.  348 

 In HRRR similar features are indicated, but the region of lowest cloud top pressure (Fig. 349 

4c) and highest cloud top echo height (Fig. 4d) is located ~ 80 km to the west and ~ 25 km to the 350 

south.   In addition, the line of convective activity extending eastward over northern Illinois in 351 

satellite observations (Figs. 4a, c) and radar reflectivity (Fig. 2g) instead extends northeastward 352 

across Wisconsin in the HRRR analyses (Figs. 4b, d). 353 

 354 
Figure 4. a) GOES-16 ABI-L2 cloud top temperature (K), b) GOES-16 ABI-L2 cloud top 355 
altitude (km), c) HRRR cloud top pressure (hPa), and d) HRRR cloud top echo altitude (km) at 356 
1800 UTC 10 August 2020. The locations of lightning strikes detected by the GOES-16 GLM 357 
mapper during the 20 second period 17:59:40 – 18:00:00 UTC are shown with black dots. 358 
 359 
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 The coldest cloud top satellite temperatures are less than 200 K and the highest altitudes 360 

occur at 18.0 km (~ 55,000′) (Figs. 4a, b).  In HRRR the lowest cloud-top pressure is 90 hPa and 361 

highest cloud top echo heights are 15.3 km (Figs. 4c, d).     362 

 363 

e) Surface observation time series at Des Moines 364 

 During 1200-1530 UTC maximum gusts at Des Moines were ~ 5 m/s or less (Figs. 5a, b), 365 

with the surface wind direction shifting gradually from southerly to westerly (Fig. 5b).  During 366 

1400-1530 UTC surface pressure rose gradually, with a series of oscillations of amplitude ~ 0.5 367 

hPa and period ~15-30 min (Fig. 5a).  368 

 Around 1600 UTC gust speed at DSM increased from westerly at ~ 5 m/s to northerly at 369 

~ 33 m/s in less than 10 min (Fig. 5b). Typical gust speeds are ~ 30-50% higher than 1-min 370 

average wind speeds (not shown).   After 1600 UTC the wind speed decreased exponentially to ~ 371 

12 m/s in an hour (Fig. 5a).  Northerly flow exceeded 22 m/s for ~ 20 minutes.  With an eastward 372 

translation speed of 28 m/s for the derecho past Des Moines, this duration implies a ~ 35 km 373 

zonal width for the meridional jet exceeding 22 m/s.  The duration of northerly flow exceeding 374 

15 m/s implies a zonal width of ~ 90 km.  During 1600 – 1800 UTC the wind direction shifted 375 

gradually from north-northwesterly (~ 345°) to northeasterly (~ 60°), held steady during 1800 – 376 

1930 UTC, then abruptly switched to southerly upon arrival of the west end of the cold pool 377 

(Figs. 5b, c).  Over the subsequent 5 hr, winds gradually shifted to northwesterly (Fig. 5b). 378 
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 379 
 380 
Figure 5. Iowa Environmental Mesonet surface meteorological observations at Des Moines, Iowa 381 
(DSM) during 1200 – 2400 UTC (7 am – 7 pm CDT) 10 August 2020 of a) surface pressure (red 382 
line) and gust speed (black), b) gust speed (black) and wind direction (blue), and c) temperature 383 
(yellow) and dew point temperature (green).  Data are shown at 1-min intervals.  Vertical dashed 384 
lines indicate the duration of the cold pool at DSM. 385 
 386 

 An increase in surface pressure of ~ 5 hPa occurred over ~ 15 min (~ 0.5 Pa/s) near 1600 387 

UTC (Fig. 5a).  The peak in pressure occurred ~ 5 min after the peak in wind speed.  This is 388 

consistent with an outflow boundary “pressure head”, with a sharp eastward decrease in pressure 389 

accelerating the flow ahead of the pressure maximum (e.g., Fig. 6.8 of Lin 2007).  The period of 390 

elevated pressure lasted ~ 2.5 hours (Fig. 5a).  The 3.5-hr period 1600 – 1930 UTC is 391 

characterized by northerly surface flow (Fig. 5b).     392 

 During 1200 –1530 UTC the temperature rose from 73℉ to 81℉ (23°C to 27°C), while 393 

𝑇4 held steady near 71℉ (22°C) (Fig. 5c). With the arrival of the gust front at 1600 UTC, 394 
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temperatures dropped to ~ 62℉ (17°C) in ~ 20 minutes, and 𝑇4 dropped to ~ 60℉ (16°C).  In the 395 

wake of the initial outflow boundary and downburst, temperatures gradually returned to 79℉ 396 

(26°C) over the next 7 hours (Fig. 5c).  The dew point stayed low during the ~ 3.5 hr duration of 397 

the cold pool, then rose slightly, but remained below 65℉ (18°C).     398 

 This sharp northerly jet (Fig. 5b) implies the existence of a relative vorticity dipole in the 399 

lower troposphere, with a positive leading anomaly to the east and a negative anomaly to the 400 

west (Fig. 1).    401 

 402 

f) HRRR wind charts 403 

 At 1800 UTC on 10 August 2020 a synoptic-scale trough is seen at 150 hPa over the 404 

upper Midwest, with southwesterly flow over eastern Iowa and Wisconsin (Fig. 6a).   This flow 405 

is interrupted by a mesoscale region of low-speed air at 42°N, 92.5°W (Fig. 6a).  At 300 hPa, 406 

stronger winds are evident in the trough and the mesoscale region of low-speed air is larger, with 407 

noticeable outflow toward the north (Fig. 6b).    408 
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 409 
Figure 6.  HRRR horizontal wind speed (color bar, interval 2.5 m/s) and wind vectors (reference 410 
length 10 m/s) at 1800 UTC on 10 August 2020 for  a) 150 hPa, b) 300 hPa, c) 500 hPa, d) 700 411 
hPa, e) 850 hPa, and f) 950 hPa.  412 
 413 
 The wind pattern at 500 hPa shows an approaching jet streak, extending from the 414 

northwest into western Iowa, in a meridionally-concentrated band about ~ 200 km wide (Fig. 415 

6c).   A minimum in wind speed is again seen near 42°N, 92.5°W (Fig. 6c).  At 700 hPa, flow 416 

converges into the westerly inflow jet, exceeding 25 m/s over central Iowa (Fig. 6d).  An 417 

anticyclonic flow pattern is found to the west at 850 hPa (Fig. 6e), with northerly flow entering 418 

northwestern Iowa.  Note also the mesoscale region of westerlies at 850 hPa exceeding 35 m/s 419 

over eastern Iowa (Fig. 6e).  At 950 hPa, continuous northerly flow extends from Minnesota to 420 

southern Iowa (Fig. 6f), with a comma-shaped speed maximum consistent with the abrupt switch 421 

to northerly flow seen at Des Moines (Figs. 5b, 6f).  From 700 to 950 hPa the speed maximum 422 

turns from westerly to northerly (Figs. 6d-f).  The mesoscale northerly jet at 950 hPa is 423 

continuous with the northerly ouflow from the anticyclone to the north (Fig. 6f). 424 
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 425 

4.  Comparison of storm evolution  426 

 The evolution of hourly samples in updraft speed during the life of the derecho for 427 

UWNMS-4 and UWNMS-8 at 3 km altitude, and for HRRR at 700 hPa, are shown in Fig. 7a.  In 428 

HRRR analyses, starting at 1400 UTC, updraft speed increased from ~ 0.3 m/s to ~ 3.5 m/s by 429 

1700 UTC,  then gradually declined to ~ 1 m/s at 2000 UTC, with a second peak of ~ 3.5 m/s at 430 

2100 UTC (Fig. 7a).    In the UWNMS-4 simulation, updraft speed was negligible at first, 431 

increasing from ~ 0 to ~ 3 m/s during 1500-1700 UTC.  It then generated an unrealistically 432 

strong updraft ( > 14 m/s) at 1800 UTC, followed by a pronounced minimum in speed at 1900 433 

UTC, then a resurgence to ~ 8 m/s at 2000 UTC (Fig. 7a).  In the UWNMS-8 simulation, 434 

development of the updraft was delayed by 2-3 hr, finally strengthening to 1 m/s at 1800 UTC,  435 

then ~ 4 m/s at 1900 UTC, and remaining strong for four hours (Fig. 7a).    436 

 437 

 438 
Figure 7.  Hourly time series during the period 1400 – 2300 UTC 10 August 2020 of a) 439 
maximum updraft velocity (m/s) along 42°N at 700 hPa for HRRR (thick black), and at 3.18 km 440 
altitude for UWNMS-4 (dashed blue), and UWNMS-8 (blue) simulations and b) radar gust front 441 
speed from Fig. 3a (m/s, thick blue), HRRR zonal wind speed 100 km upstream of the gust front 442 
averaged in the layer 500-700 hPa (black), gust front speed estimated from HRRR surface wind 443 
pattern (dashed black), and UWNMS-8 zonal wind speed at 4.5 km altitude 50 km upstream and 444 
50 km poleward of the gust front (blue). 445 
 446 

 The average eastward speed of the gust front was observed to be 24.5 m/s during 1400 – 447 

2300 UTC and 28.0 m/s during 1700 – 2100 UTC (Figs. 3a, 7b).   Hourly sections of zonal wind 448 
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along 42°N in HRRR (Fig. S1) were used to make a separate estimate of the speed of 449 

propagation, which is ~ 5 m/s less than deduced from radar echos (Fig. 7b).   The average speed 450 

of the westerly inflow layer in the 750-500 hPa layer 100 km west of the gust front in HRRR 451 

grows and then weakens, similar to gust front speed, but it is ~ 5-10 m/s slower (Fig. 7b).   The 452 

westerly wind in UWNMS-8 at 4.5 km altitude sampled 50 km upstream and 50 km poleward of 453 

the gust front shows better agreement with the observed speed of the gust front (Fig. 7b).  These 454 

results may be compared with Fig. 7 of Mahoney et al. (2007). 455 

 The evolution history in each of the three simulations was quite distinct.  The UWNMS-4 456 

simulation initially showed similar development to HRRR, but then underwent two large 457 

amplification/diminution cycles.  The UWNMS-8 simulation developed too slowly, but then 458 

achieved an updraft strength comparable to HRRR, with a coherent structure lasting for ~ 5 hr.  459 

 460 

5.  Depiction of structure in UWNMS simulations 461 

 The center of the updraft/downdraft pair in both UWNMS simulations propagated nearly 462 

eastward along 42°N, with the timing of primary dynamical features similar to the gust front seen 463 

in radar reflectivity (Fig. 2) and Des Moines surface data (Fig. 5).   The two simulations differ in 464 

the timing of amplification and in the degree of westward tilt with height.   465 

 During 1800 – 2000 UTC both UWNMS simulations show an east-west PV dipole, with 466 

the leading positive PV member of the dipole coinciding with the updraft and the trailing 467 

negative PV member coinciding with the downdraft (Fig. 8).  During 1800 – 2000 UTC there is a 468 

transition in the UWNMS-4 from a strong updraft burst subsiding into a dispersed set of 469 

mesoscale convective vortices (MCVs; Figs. 7a, 8a-c), but in the UWNMS-8 a derecho-like 470 

structure grows to moderate, steady strength (Figs. 7a, 8d-f).   471 

 The robustness of the lower-tropospheric PV dipole structure is dependent on a 472 

sufficiently strong and vertically-continuous updraft / downdraft pair.   For example, at 1800 473 

UTC a PV dipole in UWNMS-4  is apparent (Fig. 8a), with an updraft speed exceeding 14 m/s 474 

(Fig. 7a), but at 1900 and 2000 UTC there is instead a set of smaller-scale MCVs arranged along 475 

the outflow boundary (Figs. 8b, c), with updraft speeds of less than 2 m/s at 1900 UTC (Fig. 7a).   476 
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 477 
Figure 8.  Plan views of PV (color bar) and vertical velocity (m/s, contours, negative dashed) at 3 478 
km altitude for UWNMS-4 (left) and UWNMS-8 (right) for a), d) 1800 UTC, b), e) 1900 UTC, 479 
and c), f) 2000 UTC 10 August 2020.  In UWNMS-4 vertical velocity is contoured every 2 m/s 480 
and PV every 2 PVU, while in UWNMS-8 vertical velocity is contoured every 0.8 m/s and PV 481 
every 0.5 PVU. 482 
 483 
 In contrast, UWNMS-8 showed a steady derecho-like structure during 1900 – 2100 UTC 484 

(Figs. 8d-f), with an updraft speed of ~ 5 m/s (Fig. 7a) and a lower-tropospheric PV dipole 485 

coincident with the downdraft/updraft pair.   In UWNMS-8, during 1800 – 2000 UTC the 486 

negative PV anomaly grew from ~  -1 PVU to -2 PVU while the downdraft grew from ~  -1 to -2 487 

m/s, and the positive PV anomaly grew from ~ 0.5 PVU to 2 PVU while the updraft grew from ~ 488 

0.6 to 4 m/s (Figs. 8 d-f).  It will be shown that these values of vertical motion and PV anomalies 489 

are similar to those in HRRR, with similar horizontal scales of ~ 50 km. 490 

 In order to illustrate the range in structure of PV and 3D winds in the UWNMS, and for 491 

comparison with HRRR structure and with shear theory, we chose a high amplitude state of the 492 
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UWNMS-4 at 1800 UTC (Fig. 9) and a representative state of the UWNMS-8 at 1900 UTC 493 

(Figs. 10-12).   494 

 Longitude-altitude sections of UWNMS-4 variables along 42°N (Fig. 9) are shown with 495 

an aspect ratio of 2:1 in the domain 0-21 km altitude, 95.0°W - 90.5°W, to facilitate comparison 496 

with HRRR.   The location of this section was chosen to fit the locus of updraft/downdraft and 497 

PV dipoles in the UWNMS (inset, Fig. 9b).  The meridional deviation from 42°N of the track of 498 

the center of the PV dipole was less than 5 km as it progressed across the domain.   499 

 The location of the gust front can be determined from where the northerly flow maximum 500 

abruptly increases, near 91.5°W at 1800 UTC (Fig. 9b).  A westerly inflow jet exceeding 25 m/s 501 

is seen in the 4-6 km layer about 50 km to the west of the gust front.  This pattern extends down 502 

to near the surface, with zonal winds exceeding 30 m/s (Fig. 9a) and meridional winds exceeding 503 

-25 m/s (Fig. 9b).  This descent of the westerly inflow layer in UWNMS-4 occurs fairly abruptly 504 

and the updraft is nearly upright (Fig. 9c).  The surface westerly and northerly jet maxima 505 

coincide with the downdraft (Figs. 9a-c).  The northerly jet extends upward to 10 km altitude.  It 506 

lies between a PV dipole of  -10 / + 20 PVU maximizing near 7 km (Figs. 8b, d).    507 

 The updraft in UWNMS-4 exceeds 25 m/s and reaches 14 km altitude (Fig. 9c).  The 508 

westerly inflow jet, with 𝜃3 < 330	K (Figs. 9a, c), splits near 8 km altitude, with a weak rising 509 

branch joining the main updraft (Fig. 9c).  In the UTLS, a westward outflow layer is found near 510 

12 km altitude and a strong eastward outflow layer exceeding 70 m/s is found near 14 km (Fig. 511 

9a).   The zonal flow in the updraft is markedly easterly (Fig. 9a), with flow reaching -20 to -30 512 

m/s in the upper troposphere, extending to 16 km and coinciding with southerly flow (Fig. 9b).     513 

 An east-west PV dipole is seen in the 14-16 km layer at the top of the updraft (Fig. 9d).   514 

The wavy pattern in potential temperature and PV which tilts westward with height into the 515 

stratosphere (Figs. 9c, d) represents upward propagation of gravity wave activity and downward 516 

transport of westerly momentum.    517 

 The updraft/downdraft pair in UWNMS-4 at 1800 UTC exhibits weak westward tilt with 518 

height (Fig. 9c), consistent with a weak and variable cold pool below 800 hPa near 92°-94°W 519 

(Fig. 9c).  The influence of convection can be seen up to ~18 km (Fig. 9), which is a higher 520 

altitude than the maximum HRRR cloud top echo height (Fig. 4d), but is similar to satellite 521 

observations (Fig. 4b).   522 
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 523 
Figure 9.  Longitude-altitude sections in UWNMS-4 at 1800 UTC 10 August 2020 for a) zonal 524 
wind (contour interval 5 m/s, negative dashed), b) meridional wind (contour interval 5 m/s, 525 
negative dashed), c) equivalent potential temperature (blue contours, interval 10 K) and vertical 526 
wind (contour interval 3 m/s, negative dashed), and d) PV (contour interval 10 PVU, negative 527 
dashed).  The vertical line in each panel indicates the longitude of maximum northerly flow in b). 528 
The location of this section is shown in the inset of panel b). 529 
  530 

 In UWNMS-8, the updraft/downdraft pair at 1900 UTC exhibits a stronger westward tilt 531 

with height (Fig. 10).  At 1900 UTC the gust front was located near 90.5°W (Figs. 10a, b).  A 532 

westerly inflow jet of ~ 25 m/s is seen in the 4-6 km layer about 50 km to the west of the gust 533 

front, which extends continuously down to near the surface, and coincides with a northerly jet 534 

exceeding -18 m/s near 2 km altitude (Fig. 10b).  The surface westerly and northerly jet maxima 535 

occur in the vicinity of the downdraft (Figs. 10a-c).   536 

 In UWNMS-8, the northerly jet lies between a PV dipole of -1 / + 4 PVU which 537 

maximizes near 6 km (Figs. 10b, d).   The axis of maximum northerly wind (Fig. 10b) lies 538 

between the updraft/downdraft pair (Fig. 10c) and between the PV dipole (Fig. 10d), separating 539 

the westerly inflow layer from the westward-tilting updraft (Fig. 10a). 540 

 In UWNMS-8 at 1900 UTC the northerly jet extends upward to ~ 7 km and the updraft 541 

extends to ~ 12 km altitude (Fig. 10c), exhibiting less vertical development compared with 542 
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UWNMS-4 at 1800 UTC (Fig. 9c).  The updraft (Fig. 10c), axis of maximum northerly flow 543 

(Fig. 10b), separation between strong and weak westerlies (Fig. 10a), and the PV dipole all tilt 544 

westward with height by ~ - 30 km in 10 km altitude, with an elevation angle of ~ 17° (Fig. 10a),   545 

It will be shown that this is comparable to the tilt of the updraft in HRRR ( ~ 15°), but the 546 

elevation angle of the downdraft is much smaller in HRRR ( ~ 1.7°).  547 

 548 
Figure 10.  Longitude-altitude sections in UWNMS-8 at 1900 UTC 10 August 2020 for a) zonal 549 
wind (contour interval 3 m/s, negative dashed), b) meridional wind (contour interval 3 m/s, 550 
negative dashed), c) equivalent potential temperature (blue contours, interval 10 K) and vertical 551 
wind (contour interval 2 m/s, negative dashed), and d) PV (contour interval 1 PVU, negative 552 
dashed).  The tilted vertical line in each panel indicates the axis of maximum northerly wind. 553 
 554 

 The horizontal extent of the updraft and downdraft in UWNMS-8 near 3 km at 1900 UTC 555 

(Fig. 10c) is ~ 30 km, similar to scales depicted in Smull and Houze (1987).   In UWNMS-8 a 556 

cold pool with 𝜃3 <  340 K is seen to the west of the gust front (91.2-90.8°W) below 800 hPa, 557 

which is somewhat more realistic than in UWNMS-4 (Fig. 9c).  Note also values of 𝜃3 > 350 K 558 

in the boundary layer ahead of the gust front (Fig. 10c).    559 

 In UWNMS-8 at 1900 UTC an easterly front-to-rear outflow layer occurs near 9 km 560 

altitude, with a westerly outflow layer exceeding 70 m/s near 12 km (Fig. 10a).  The easterly 561 
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outflow layer occurs at a lower altitude than in the UWNMS-4 at 1800 UTC. The zonal flow in 562 

the updraft (Fig. 10a) is much less easterly than in UWNMS-4 (Fig. 9a), reaching -3 m/s near 12 563 

km (Fig. 10a).   The axis of northerly flow in the lower troposphere lies between the westerly 564 

flow in the downdraft and weak westerly flow in the updraft (Figs. 10a-c), and between the PV 565 

dipole (Fig. 10d).   The negative PV anomaly coincides with the downdraft and the positive PV 566 

anomaly coincides with the updraft (Figs. 10c, d).  Over the next two hours, the 567 

downdraft/updraft pair and PV dipole remained coherent in the UWNMS-8.  Eastward 568 

movement of the PV dipole / northerly jet can explain the development of the trailing 569 

equatorward bulge of the gust front into southern Illinois (Fig. 2). 570 

UWNMS-8 exhibited a development phase (1700 and 1800 UTC), mature phase (1900 - 571 

2000 UTC), and decaying phase (2100 UTC) (Fig. 7a).  This evolution is similar to the observed 572 

changes in the speed of propagation of the derecho, which was fastest during 1800-2100 UTC 573 

(Fig. 7a).   The basic structure of a westerly mid-level inflow jet of ~ 25 m/s and a surface 574 

westerly maximum coinciding with the leading edge of the downdraft supports the idea that the 575 

speed of the westerly inflow jet is fundamentally related to the rate of eastward progression of 576 

the derecho.  577 

 The existence of a northerly jet is in agreement with the observations at DSM (Fig. 5b).   578 

Since the the gust front arrived at DVN (90.58°W) at ~ 1900 UTC, we explore wind structure in 579 

the meridional plane at 90.58°W at 1900 and 1920 UTC (Fig. 11).    A region of near-surface 580 

westerlies, ~ 50 km in meridional extent, is seen near 42°N, coinciding with the western half of 581 

the downdraft (Fig. 11a).  This layer extends upward and poleward and is continuous with a layer 582 

of westerly flow to the north centered at ~ 6 km and exceeding ~ 20 m/s (Fig. 11a).   A northerly 583 

jet maximizes at -18 m/s near 2 km and coincides with the center and eastern half of the 584 

downdraft (Fig. 11b).  This region of northerly flow extends northward and upward from the gust 585 

front (Fig. 11b), lying between the westerlies to the north and weak zonal flow in the poleward-586 

tilted updraft (Figs. 11a).  In the UTLS, outflow jets extend primarily northward near 12 km 587 

from the updraft, and also southward at 14 km (Fig. 11c). 588 

 Twenty minutes later, the region of southward flow exhibited a similar pattern (Figs. 11c, 589 

d), but the region of zonal flow exceeding 20 m/s has filled in the whole 1-5 km layer 590 

immediately behind the gust front (Fig. 11b).   The axis of northerly flow associated with the 591 

gust front tilts northward with height (Fig. 11b, d).   It appears that air in the surface northerly jet 592 
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is a blending of air streams associated with the cyclonic member, the anticyclonic member, and 593 

the surface anticyclone to the north (Fig. 6f).  Note the offset in altitude for outflow to the north 594 

(~12 km) and to the south (~14 km) (Fig. 11d). 595 

 596 
Figure 11.  Meridional sections along 90.58°W of UWNMS-8 (left) zonal wind and (right) 597 
meridional wind (black contours every 3 m/s, negative dashed), with vertical wind (blue contours 598 
every 2 m/s, negative dashed) at (top) 1900 and (bottom) 1920 UTC on 10 August 2020. The 599 
view is toward the east, with north to the left. The locations of the section ends (dots) are shown 600 
in the inset.  601 

 602 

 Perspective views of speed isosurfaces show that the westerly inflow layer descends 603 

anticyclonically into the northerly outflow jet (Figs. 12a, b).   The location of the northerly jet 604 

between the PV dipole is shown in Fig. 12c.  Since the negative PV dipole member is inertially 605 

unstable, this can contribute toward acceleration of the northerly flow. 606 

  607 
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 608 
Figure 12.  Spatial relationship between the westerly inflow jet, lower-tropospheric northerly jet, 609 
and the downdraft in UWNMS-8 at 1900 UTC 10 August 2020.   Perspective views from a) the 610 
southwest and b) south showing isosurfaces of zonal wind (U, 22 m/s, yellow), meridional wind 611 
(V, -5 m/s, green), and vertical wind (W, -0.8 m/s, orange), and c) from the southwest showing 612 
an isosurface of meridional wind (V, -5 m/s, green), together with the -1 PVU (blue) and +2 613 
PVU (red) isosurfaces.  Selected altitudes are indicated in b) and c). 614 
 615 

6.  Depiction of derecho in HRRR analyses  616 

a) Evolution of absolute vorticity at 150 hPa and 700 hPa  617 

During 8-10 August 2020 an upper tropospheric ridge over the southeastern U.S. 618 

gradually weakened as a sequence of eastward-travelling troughs approached from the Gulf of 619 

Alaska (not shown).  These troughs interacted with a ridge over the North Pacific in anticyclonic 620 

Rossby wave breaking events, producing a filament of stratospheric air with high 150 hPa 621 

absolute vorticity extending southwestward across Colorado at 1600 UTC 10 August (Fig. 13a).  622 

Interrupting this filament of high absolute vorticity is a mesoscale absolute vorticity dipole, with 623 

positive member lying to the east, and amplitude +/- 10x10-4 s-1 (Fig. 13a).   Since isentropic 624 

density 𝜎 = 𝜌 #%
#$
		~ 460 kg K-1 m-2 near 150 hPa, from values in Fig. 3c, this corresponds to a PV 625 

dipole of amplitude ~ +/- 2 PVU.   This UTLS PV dipole is observed to progress eastward with 626 

the derecho over the next three hours (Figs. 2, 13a-d).    627 

 A similar eastward-progressing absolute vorticity dipole is seen at 700 hPa, with the 628 

positive member lying to the east (Figs. 13e-g).  The dipole at 150 hPa lies ~ 50 km poleward of 629 

the dipole at 700 hPa, indicating a poleward tilt of the updraft.  The zonal scale of each anomaly 630 

at 700 hPa is ~ 50 km, with magnitude ~ +/- 10x10-4 s-1.  Since 𝜎	~ 200 kg K-1 m-2 near 700 hPa, 631 

this corresponds to an east-west PV dipole with strength ~ +/- 5 PVU.      632 
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 633 
 634 
Figure 13.  HRRR absolute vorticity (color bar) at 150 hPa for a) 1600 UTC, b) 1700 UTC, c) 635 
1800 UTC, and d) 1900 UTC 10 August 2020, and at 700 hPa for e) 1700 UTC, f) 1800 UTC, 636 
and g) 1900 UTC.  The color bar interval is 0.5x10-4 s-1 in panel a) and 2x10-4 s-1 in b)-g).    637 
 638 
 The updraft at 150 hPa (Fig. 14a) coincides with the ~ 50 km scale zonal flow minimum 639 

(Fig. 6a) and with the negative absolute vorticity maximum (Fig. 13c).  The updraft near 700 hPa 640 

occurs in an arc shape at the eastern end of the downdraft (Fig. 14b).  The zonal scale of the 641 

anomalies at 700 hPa is ~ 50 km (Fig. 6f, 14b). The downdraft and negative PV anomaly at 700 642 
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hPa have a wider zonal scale ( ~ 100-150 km) than the updraft and positive PV anomaly ( ~ 50 643 

km) (Figs. 13f, 14b).  Maximum vertical velocities in the updraft are ~ - 40 Pa/s ( ~ 6 m/s) and ~ 644 

10 Pa/s  ( ~ -1 m/s) in the downdraft (Fig. 14b).   645 

 646 

 647 
Figure 14.  HRRR pressure velocity (color bar, interval 0.5 Pa/s) at 1800 UTC on 10 August 648 
2020 for  a) 150 hPa and b) 700 hPa.  649 
 650 

 The updraft in HRRR weakened from 1700 to 2000 UTC (Fig. 7a), whereas observations 651 

show more steady intensity (Fig. 2).  The absolute vorticity dipole at 700 hPa is oriented east-652 

west at 1700 UTC (Fig. 13e) but by 1800 UTC (Fig. 13f) the downdraft has become more diffuse 653 

and spread out to the south.  This degradation of dipole structure in HRRR, compared with its 654 

peristence in the UWNMS-8, is consistent with the hypothesis that a stable dipole helps to 655 

maintain the strength of the derecho. 656 

 657 

c) HRRR zonal and meridional sections 658 

 A movie of the longitude-altitude structure of zonal wind (Fig. S1) shows the evolution 659 

of the derecho in HRRR.   In the early stages the updraft was associated with moderate easterlies.   660 

The structure at 1800 UTC is now diagnosed in detail.   Westerlies in the 700 – 400 hPa layer 661 

near 94°W extend eastward and downward to the surface near 92°W, with values exceeding ~ 35 662 

m/s near 850 hPa, 92.3°W (Fig. 15a).   A northerly jet occurs near the gust front, exceeding - 20 663 

m/s between 92.5°W and 92°W in the 800-900 hPa layer (Fig. 15b).   The mid-tropospheric 664 

westerly inflow jet curves equatorward as it descends in the downdraft (Figs. 15a-c).   West of 665 

92.5°W, a layer of easterly flow near 200 hPa (Fig. 15a) lies between the westerlies at 150 and 666 

300 hPa (Fig. 6a, b).    667 

 668 
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 669 
Figure 15.  Longitude-altitude sections at 42°N (looking north) of HRRR a) zonal wind (color 670 
bar range, interval 5 m/s), b) meridional wind (color bar, interval 5 m/s), c) pressure velocity 671 
(color bar, interval 2.5 Pa/s), and d) absolute vorticity (color bar, interval 0.00025 s-1) at 1800 672 
UTC 10 August 2020.  The zero vertical velocity line (heavy dashed) and locations of updrafts 673 
and downdraft (arrows) in c) are transposed onto a), b), and d).  The locus of southward flow in 674 
b) is indicated with outward arrow symbols (⨀) and transposed onto a), c), and d).  Distance east 675 
of the center of the HRRR domain (km) is shown along the x-axis.   Pressure (hPa) and altitude 676 
(km, gray tick marks) are shown on the y-axis.  677 
 678 

 Air in the westerly inflow layer splits, with one branch descending and curving 679 

southward, and the other rising into the upper troposphere and curving northward, where 680 
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westerly flow exceeds 10 m/s (Figs. 15a, b).   The downdraft coincides with the maximum in 681 

eastward flow (Figs. 15a, c), with values of ~ 5 Pa/s (– 0.5 m/s) near 850 hPa.  The downdraft 682 

(Fig. 15c), axis of maximum northerly flow (Fig. 15b), and westerly inflow layer (Fig. 15a) all 683 

tilt westward with height, with slope ~ -170 km / 5 km (elevation angle ~1.7°).  The updraft 684 

ahead of the gust front (Fig. 15c) tilts westward with altitude, with slope ~ – 30 km / 8 km 685 

(elevation angle ~ 15°).  Updraft values exceed ~ -15 Pa/s (1.5 m/s) near 850 hPa and ~ 3 m/s 686 

near 400 hPa.  Above ~ 650 hPa the updraft coincides with weak westerly flow (Fig. 15a, c).   687 

Below 650 hPa the updraft lies just to the east of the northerly jet maximum (Figs. 15b, c).   688 

 An east-west absolute vorticity dipole is found below 700 hPa, with values exceeding -689 

5x10-4 s-1 and 20x10-4 s-1 ( ~ - 2.5 and 10 PVU) (Fig. 15d).  The positive absolute vorticity region 690 

is located in the updraft while the negative region is located in the downdraft (Figs. 15c, d).    691 

The maximum in northerly flow (Fig. 15b) tilts westward with altitude and lies along the zero 692 

contour separating the two absolute vorticity anomalies (Fig. 15d).  This meridional jet is 693 

kinematically consistent with the east-west dipole in absolute vorticity.    This meso-beta scale 694 

PV dipole structure is distinct from the meso-beta cyclonic book-end vortex and meso-gamma 695 

scale MCVs.  (Since the updraft also tilts poleward with altitude, the PV dipole in the UTLS 696 

maximizes ~ 50 km poleward of 42°N (Fig. 13c), such that this feature is not apparent in Fig. 697 

15d.) 698 

 The pattern of strong westerlies which enters the downdraft descends from ~ 700 hPa (~ 699 

3 km) to the surface (Fig. 15a).   The updraft and downdraft near 800 hPa are ~ 50 km wide (Fig. 700 

15c).  The meridional breadth of the region of strong zonal winds is ~ 50 km at 92°W (Fig. 6e), 701 

but is ~150 km in the 700 - 850 hPa layer at 92.5°W (Fig. 16a).  The meridional breadth  of the 702 

updraft and downdraft (Figs. 16c, g) and of the absolute vorticity anomaly (Figs. 16d, h) in the 703 

lower troposphere is ~ 50 km.  704 

 The updraft and downdraft in a MCS are part of a pattern of gravity wave phase axes 705 

which tilts westward with altitude (Lin 2007), with characteristic horizontal and vertical 706 

wavelengths 𝐿&  ~ 200 km and 𝐿% ~ 12 km (Fig. 15c).   These gravity waves may be related to the 707 

oscillations in pressure and wind speed seen at Des Moines after the passage of the gust front 708 

(Fig. 5a), which have a period of ~ 2 hours.  For a gravity wave to travel eastward 200 km in 2 709 

hours requires a zonal phase speed c ~ 100 km/hr, or 28 m/s.  Since this is the speed of 710 

propagation of the derecho, this suggests that there is a critical surface, or steering level in the 711 
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mid-troposphere.   In linear gravity wave theory, the relationship between pressure amplitude 712 

and wind amplitude is 𝑃1	𝜌	𝑐	~	𝑉1.  A pressure amplitude of 1.5 hPa (Fig. 5a) implies 𝑉1 ~  5 m/s, 713 

which is consistent with the variation in Fig. 16b. 714 

 715 
Figure 16.  Latitude-altitude sections (eastward view) at 92.5°W (left) and 92°W (right) of 716 
HRRR a) zonal wind (color bar range, interval 5 m/s), b) meridional wind (color bar, interval 5 717 
m/s), c) pressure velocity (color bar, interval 2.5 Pa/s), and d) absolute vorticity (color bar, 718 
interval .00025 s-1) at 1800 UTC 10 August 2020.   The dashed vertical line shows 42°N, the 719 
latitude of sections in Fig. 8.  Distance north of the center of the HRRR domain is shown in km.   720 
Pressure (hPa) and altitude (km, gray tick marks) are shown on the vertical axis. 721 
 722 
 A meridional slice at 92.5°W (Fig. 16a) shows that the westerly inflow jet below 650 hPa 723 

has a maximum of ~ 35 m/s near 42°N, which is continuous with westerlies in the 800-700 hPa 724 
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layer to the north (Figs. 6d, 16a).  At 92°W the “nose” of westerly flow is meridionally ~ 100 km 725 

wide (Fig. 16b).  The layer of westerlies at 92.5°W coincides with northerly flow, with the layer 726 

descending as it moves southward (Figs. 16a-c).  The “nose” of the derecho at 92°W contains a 727 

prominent northerly flow component (Figs. 16e, f).    728 

 At 92.5°W, the 600 hPa level separates the portion of the westerly inflow jet which rises 729 

poleward into the upper troposphere from that which descends equatorward in the downdraft 730 

(Figs. 16a-c).  The meridional section of pressure velocity at 92°W (Fig. 16g) slices through the 731 

horseshoe-shaped, westward-tilting updraft, with a portion of the downdraft appearing in the 732 

middle near the surface, indicating that this is close to the gust front.  At 92.5°W the downdraft 733 

coincides with negative absolute vorticity in the lower troposphere (Figs. 16c, d), while near 734 

92°W, positive absolute vorticity coincides with the updraft, which extends into the upper 735 

troposphere (Figs. 16g, h).    736 

 737 

d) Reynolds stresses 738 

Products of velocity components are useful for highlighting fundamental flow structures, 739 

estimating momentum fluxes, and relating them to the synoptic flow.  Below the level of zero 740 

vertical wind, westerly momentum is transported southward (Figs. 17a, d).  In the downdraft, 741 

westerly momentum (Figs. 17b, e), and northerly momentum (Figs. 17 c, f) are transported 742 

downward within the derecho.   743 

In the 500-700 hPa westerly inflow layer, 𝑢𝑣 > 0 (Fig. 17a), consistent with northward 744 

transport of westerly momentum associated with the approaching trough (Fig. 6c).   In the UTLS, 745 

𝑢𝑣 exhibits a quadrupole pattern in longitude-altitude associated with updraft outflow (Fig. 17a).  746 

The negative region near 200 hPa is consistent with southeasterly front-to-rear outflow and 747 

trailing stratiform precipitation  (Houze et al. 1989).  The positive region near 150 hPa is 748 

consistent with southwesterly outflow creating a layer of leading stratiform precipitation (Figs. 749 

17a, 3a).  At 92.5°W (Fig. 17d) one may see that this region of 𝑢𝑣 > 0 extends well to the north 750 

of the derecho.   751 

Above ~ 600 hPa there is upward transport of westerly momentum, where the upper half 752 

of the westerly inflow jet merges with the gust front updraft (Figs. 17b, e).   This pattern of 753 

momentum flux divergence transports momentum away from the 700-500 westerly inflow jet, 754 

consistent with the deceleration observed in Fig. 15a.  Near the top of the updraft at 150 hPa,  the 755 
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vertical momentum flux convergence near 92.2°W (Fig. 17b) is compatible with westerly 756 

acceleration in the outflow jet. 757 

 758 
Figure 17.  Reynolds stresses 𝑢	𝑣 (top, color bar, interval 100 m2 s-2), 𝑢	𝜔 (middle, color bar, 759 
interval 50 m Pa s-2), and 𝑣	𝜔 (bottom, color bar, interval 50 m Pa s-2) in HRRR for longitude-760 
altitude sections at 42°N looking north (a, b, c) and for a latitude-altitude section at 92.5°W 761 
looking east (d, e, f). The zero vertical wind line in Fig. 15c) is transposed onto panels a), b), and 762 
c).   At left, both longitude and distance (km) east of the center of the HRRR domain are shown. 763 
At right, both latitude and distance north of the center of the HRRR domain are shown.   Pressure 764 
(hPa) and altitude (km, gray tick marks) are shown on the vertical axis. 765 
 766 
 Below the zero vertical wind line near ~ 600 hPa, northerly and westerly momentum are 767 

transported downward in the downdraft, while above ~ 600 hPa, southerly and westerly 768 

momentum are transported upward in the updraft	(Figs. 17c, e).    These results are consistent 769 

with down-gradient transport from the mid-tropospheric westerly jet streak associated with the 770 

cyclone and from the northerly winds in the surface  anticyclone.  771 

 772 

e) 3D isosurfaces 773 
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 The westerly inflow jet curves anticyclonically as it descends and becomes the northerly 774 

outflow jet, as indicated by their spatial co-location viewed from the southwest and south (Figs. 775 

18a, b).  This relationship is similar to that shows for UWNMS-8 in Figs. 12a, b, except the 776 

downdraft slopes more gently in HRRR.  The pattern in the v = - 18 m/s isosurface (Fig. 18b) 777 

shows the core outflow, plus the trailing speed maximum at the south edge of the gust front, as in 778 

Fig. 6f.   This outflow jet lies between the absolute vorticity dipole in HRRR (Fig. 18c), similar 779 

to UWNMS-8 (Fig. 12). 780 

 781 
Figure 18. HRRR 3D isosurfaces for 1800 UTC 10 August 2020 of a) u = 23 m/s (yellow), v = -782 
18 m/s (green), and 𝜔 = 6 Pa/s (orange) viewed obliquely from the southwest, b) as in a) except 783 
viewed from the south, and c) v = -18 m/s (green), 𝜁 + 𝑓 = 10x10-4 s-1 (red), and 𝜁 + 𝑓 = -7x10-4 784 
s-1 (blue) viewed from the south.  785 
 786 

 A view from the north reinforces these spatial relationships (Fig. 19).  The region of 787 

westerlies associated with the upper-level cyclone is continuous with the westerly inflow jet and 788 

northerly outflow jet, which occurs to the east of the positive absolute vorticity anomaly (Fig. 789 

19a).  The meridional jet lies between the absolute vorticity dipole (Fig. 19b).  The westerly 790 

inflow jet and northerly jet blend, wrapping around the negative absolute vorticity anomaly (Fig. 791 

19c).  792 

 793 
Figure 19. HRRR 3D isosurfaces for 1800 UTC 10 August 2020 viewed from the north of a) u = 794 
23 m/s (yellow), v = -18 m/s (green), and 𝜁 + 𝑓 = 10x10-4 s-1 (red), b) v = -18 m/s (green), 𝜁 + 𝑓 795 
= 10x10-4 s-1 (red), and 𝜁 + 𝑓 = -7x10-4 s-1 (blue), and c) u = 23 m/s (yellow), v = -18 m/s 796 
(green), and 𝜁 + 𝑓 = -7x10-4 s-1 (blue). 797 
 798 

7.  Discussion 799 

a) Summary comparison 800 
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  All three numerical depictions show an east-west PV dipole structure in the mid- to lower 801 

troposphere, coincident with the updraft/downdraft pair, with a northerly jet between.  HRRR 802 

maintained a continuous derecho-like structure in time, but lagged observed locations by ~ 80 803 

km, with reduced zonal translation speed and weakening during 1700 – 2000 UTC.  UWNMS-4 804 

generated a derecho-like structure 2 hours earlier than UWNMS-8, but the tilt of the 805 

updraft/downdraft was too weak, and rapid amplification was followed by a breakdown into 806 

MCVs.  UWNMS-8 was slow to amplify but then maintained a coherent derecho-like structure 807 

for ~ 2 hours, with amplitudes similar to HRRR, and exhibited a somewhat more realistic 808 

westward tilt with height.  The gentle slope of the downdraft in HRRR was more realistic.  809 

  810 

b) Role of steering level in the eastward progression of the derecho  811 

 To remain coherent for several hours, the gust front cannot significantly outrun the 812 

downdraft.   Under the steering level hypothesis, the speed of the gust front, 𝑐, should be related 813 

to a spatial average of the fastest portions of the westerly inflow layer, 𝑈.   The existence of such 814 

a steering level implies that there is a critical level where 𝑐	~	𝑈.  This may imply that the 815 

existence of a derecho depends on the existence of a mid-tropospheric westerly wind maximum, 816 

with moderate westerlies in the upper troposphere.   This zonal wind profile, with shear ~ 25 m/s 817 

km-1, is consistent with the proper combination of westward tilt with height and similar degree of 818 

outflow toward the northwest and northeast in the UTLS, as in the idealized modeling results of 819 

Weisman and Rotunno (1994). 820 

 Since the derecho speed was similar in UWNMS-8 and UWNMS-4, features such as a 821 

realistic tilt of the updraft/downdraft and a well-developed cold pool may be less import in 822 

determining storm motion than the zonal wind speed upstream in the 750-500 hPa layer.   Note 823 

the existence of strong westerly flow in the 3-5 km layer to the north of the gust front (Figs. 11a, 824 

b, 16a).   The movement of this “arm” of high speed air associated with the upper tropospheric 825 

cyclone guides the steering level of the derecho eastward. 826 

 827 

c) Role of steering level and comparison with breaking orographic gravity waves 828 

 Peltier and Clark (1979), Lilly and Klemp (1979), and Durran and Klemp (1983) studied 829 

the saturation process of orographic gravity wave amplification to the point of turbulent 830 

breakdown, in which the downdraft brings high westerly wind speed air to the surface, followed 831 
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by a hydraulic jump.   The resulting region of stalled zonal flow in the updraft is similar to zonal 832 

wind sections in the UWNMS (Figs. 9a, 10a) and HRRR (Figs. 15a, S1).  The zero wind surface 833 

is a critical surface for orographic gravity waves.  In a derecho, the ~ 25 m/s zonal wind surface 834 

can be regarded as a critical surface for waves with 𝑐 ~ 25 m/s, which grow by resonant 835 

amplification with the diabatic heating pattern travelling at the same rate.   Critical surface theory 836 

can help explain both the observed emission of gravity waves from the storm and nonlinear 837 

saturation, or reaching a finite-amplitude quasi-steady state. 838 

 A westward tilt with height is required to achieve this configuration.  In the case of the 839 

derecho, the forcing pattern is moving at the speed of the flow (Figs. 8 and 9 of Lin and Smith 840 

1986).  The speed of a phenomenon arising from a resonant instability is most likely to travel at 841 

the speed of the forcing agent.   The derecho is somewhat like an orographic gravity wave 842 

propagating at the speed of the inflow layer.  Instead of a hydraulic jump, however, there is 843 

vertical shear of the meridional wind, with a northerly flow maximum at the leading edge of the 844 

downdraft and a southerly component to the updraft. 845 

 846 

d) Mechanism of PV dipole formation 847 

 In the mature phase, an east-west PV dipole forms in association with the tilted 848 

updraft/downdraft pair, with a northerly flow maximum between.  Kinematically, a northerly jet 849 

implies that positive relative vorticity exists to its east and negative vorticity to its west.   850 

Formation of the horizontal PV dipole in the lower troposphere occurred in conjunction with the 851 

formation of an updraft and downdraft, which are caused by diabatic heating/cooling.   852 

 Evans et al. (2014) and Xu et al. (2015) emphasized the role of surface friction and tilting 853 

of near-surface horizontal vorticity as a generation mechanism for mesovortices in a derecho.  854 

However, the amplitude of the PV dipole diagnosed in the 10 August 2020 derecho increases 855 

upward from the surface and the PV dipole coincides with the westward-tilting 856 

updraft/downdraft pair  (Figs. 9, 10, 15d).    857 

 It is of interest to explore the effect of tilt on the diabatic stretching and tilting terms by 858 

considering the three progressively tilted structures shown in snapshots from the UWNMS-8 859 

(Fig. 9), UWNMS-4 (Fig. 10), and HRRR (Fig. 15).   The updraft and downdraft are most 860 

vertically-oriented in the case of UWNMS-4 at 1800 UTC.  The diabatic stretching tendency of 861 

𝑃 in (1) may be estimated as follows.  Assuming that 𝑤 #$
#%
~𝑄 and #$

#%
= $

5
(#5
#%
+ Γ4), where Γ4 is 862 
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the dry adiabatic lapse rate, an ambient moist adiabatic lapse rate #5
#%
~ − 6.5 K/km, #6

#%
~ 3 m s-1 / 863 

2 km in the downdraft near 6 km  (Fig. 9c), and 𝜁 + 𝑓	~ -10-4 s-1, the diabatic stretching term in 864 

(1) is estimated to be ~ - 3 PVU/hr, perhaps sufficient to generate the negative PV anomaly in 865 

Fig. 9d.   As an example from UWNMS-8, the updraft in Fig. 10c exhibits #6
#%
~ 4 m s-1 / 2 km 866 

near 4 km, with 𝜁 + 𝑓	~ 2x10-4 s-1, giving a diabatic stretching tendency of ~ 3 PVU/hr, which 867 

may be adequate to generate the modeled positive PV anomaly in Fig. 10d.   868 

 As the tilt increases, the axes of maximum diabatic stretching tendency shift westward 869 

and underneath relative to the updraft and downdraft axes.  This may be seen by estimating the 870 

diabatic stretching tendency in (2) for HRRR at 800 hPa, 92.5°W (just below the downdraft 871 

maximum), in the updraft near 850 hPa, 91.8°W (Fig. 15c), and near 650 hPa, 92.3°W (below the 872 

updraft maximum).  Taking  #7
#8
~ 9	:;/=
>!??	@:;

 and 𝜁 + 𝑓	~ 10-4 s-1 in the westerly inflow jet below 873 

the downdraft maximum, vortex stretching gives  ~ -2x10-4 s-1 per hr.  Taking #7
#8
~ >!?	:;/=
>!??	@:;

 in 874 

the updraft, vortex stretching gives  ~ 4x10-4 s-1 per hr, while taking  #7
#8
~ >!9	:;/=
>A??	@:;

 below the 875 

updraft maximum, vortex stretching gives  ~ 3x10-4 s-1 per hr, comparable with absolute vorticity 876 

magnitudes in Fig. 15d.   Note that the positive absolute vorticity maximum tilts westward such 877 

that it coincides with the zero wind line (Fig. 15d), where the vertical gradient in pressure 878 

velocity (Fig. 15c), hence diabatic stretching, is large.    This westward and downward 879 

displacement in diabatic tilting tendency is a direct result of increasing tilt (Fig. 20). 880 

 881 

            882 
Figure 20.  Idealized diagram showing the maxima in diabatic stretching tendency for a) weak 883 
tilt and b) strong tilt.  The downdraft (convergent arrows) coincides with negative PV anomaly 884 
(blue), the updraft (divergent arrows) coincides with positive PV anomaly (red), with a northerly 885 
jet between (dotted blue axis).  With increasing tilt, the maxima in diabatic stretching tendency, 886 
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as indicated by the curve below each diagram, are displaced westward and downward relative to 887 
the updraft and downdraft.    888 
 889 

 Since the gradients in the diabating tilting terms maximize between the PV dipole they 890 

cannot strengthen the dipole.  In the case of weak tilt, both diabatic tilting terms contribute 891 

toward negative PV tendency, maximizing along the axis of northerly flow, in quadrature with 892 

the PV anomalies.  In the case of stronger tilt, products of gradients yield fine-scale patterns 893 

between the PV anomalies, with #6
#(

#)
#%
 in (2) causing positive tendency to the east of the negative 894 

PV anomaly and negative tendency to the west of the positive PV anomaly, while − #6
#&

#'
#%
 causes 895 

the opposite pattern, tending to cancel the other out.   At the three locations described above (Fig. 896 

15), #7
#&
 ~ 0 ~ #7

#(
, so the diabatic tilting term is expected to be small.  This analysis suggests that 897 

the diabatic stretching term is primarily responsible for generating the PV dipole.   The 898 

generation and maintenance of the PV dipole may facilitate the coherence and longevity of a 899 

derecho.   900 

 The westerly inflow layer which curves anticyclonically in the downdraft and gust front 901 

inflow layer which curves cyclonically in the updraft can be understood in terms of the 902 

horizontal momentum equations following the motion 903 

(a) 4)
4B
= 𝑓𝑣 − !

"
#8
#&
 ,           (b)	4'

4B
= −𝑓𝑢 − !

"
#8
#(
  .                                 (3) 904 

As air in the westerly inflow layer travels eastward, the northward pressure gradient force 905 

diminishes as it descends, such that northerly acceleration occurs (3b).  An increase in the 906 

westward pressure gradient force and the Coriolis torque on northerly flow causes the zonal flow 907 

to decelerate (3a), yielding anticyclonic vorticity in the downdraft.  As air in the gust front inflow 908 

layer ascends, an increasing northward pressure gradient force and Coriolis torque on easterly 909 

flow cause southerly acceleration (3b), yielding cyclonic vorticity in the updraft.  The existence 910 

of a stagnation point at the east end of the westerly inflow jet in the mid-troposphere implies the 911 

existence of a meso-high, which steers the westerly inflow layer southward as it descends, and 912 

the front-to-rear flow northward as it ascends.   As the westerly inflow jet curves around the 913 

anticyclonic member, angular momentum decreases radially outward, consistent with inertial 914 

instability, where air with high angular momentum diverges outward, creating the northerly 915 

outflow jet. 916 
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 917 

8.  Conclusions 918 

 The Iowa derecho of 10 August 2020 was characterized by westerly winds exceeding 30 919 

m/s in a ~100 km wide swath through central Iowa, developing an equatorward expansion as it 920 

traveled eastward, forming a comma echo.  When the gust front reached DSM at 1600 UTC, the 921 

temperature dropped 11 K in 10 minutes, due to advection of low values of 𝜃3 by the downdraft, 922 

replacing the previous boundary layer air.  The pressure rose initially by ~ 5 hPa and remained 923 

elevated for several hours during the passage of the meso-anticyclone.  The arrival of the gust 924 

front was characterized by an abrupt shift to northerly flow and a rapid increase in speed (Fig. 925 

5b).    The speed of the flow in the 500-750 hPa westerly inflow layer upstream of the gust front 926 

is similar to the speed of propagation of the derecho.  The westerly inflow layer is a southward 927 

extension of a region of high wind speed (jet streak) associated with the approaching synoptic 928 

trough.   As pointed out by Hinrichs (1888), there is a significant northerly aspect to the surface 929 

outflow. Below 850 hPa, the northerly jet between the updraft/downdraft and PV dipole exists 930 

proximal to the southeastern flank of the lower-tropospheric anticyclone.    931 

 When the updraft/downdraft pair strengthened, an east-west PV dipole formed primarily 932 

by diabatic stretching, and propagated eastward with the derecho, with the northerly outflow jet 933 

creating a comma radar echo pattern.   These structures in HRRR and UWNMS confirm that the 934 

observed northerly jet at Des Moines implies an east-west PV dipole in the lower troposphere.   935 

 In a derecho the positive PV anomaly extends to higher altitudes than the negative PV 936 

anomaly, with westerly inflow above 5 km contributing to the updraft and the negative PV 937 

anomaly beginning near the top of the downdraft, which is confined below 5 km.  The inertially 938 

unstable property of the negative PV member may help facilitate northerly acceleration, 939 

promoting the equatorward bulge of the radar echo.   940 

 The fundamental structure of a westward-tilted PV dipole may be on a continuum, which 941 

includes the more upright structure in a mature MCS studied by Fritsch et al. (1994) and Jiang 942 

and Raymond (1995), where a mesoscale warm-core vortex (positive PV anomaly) in the latent 943 

heat-driven updraft maximizes in the mid-troposphere, with a shallow anticyclone (negative PV 944 

anomaly) near the surface.  With a westerly inflow layer, a tilted structure forms with the near-945 

surface PV anomaly maximizing in the mid-troposphere.  If the cold pool is poorly developed, 946 

such as in UWNMS-4 at 1800 UTC (Fig. 9), the PV dipole extends through most of the depth of 947 
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the troposphere, with the negative member maximizing at the level of westerly inflow where the 948 

vertical wind diverges (Figs. 9a, c, d).   With a more developed cold pool, such as in UWNMS-8 949 

at 1900 UTC (Fig. 10), the PV dipole maximizes at a lower altitude.  Finally, in HRRR (Fig. 15), 950 

the slope of the downdraft is much more gentle and the negative member of the PV dipole tilts 951 

more and maximizes at a still lower altitude.  952 

 These results can be interpreted in the context of the idealized study by Weisman and 953 

Rotunno (2004).  The mid-tropospheric westerly inflow layer was shown to be associated with a 954 

region of westerlies extending southward from the approaching cyclone.  This jet streak provides 955 

a steering level or critical level for the derecho which can help amplify the structure.  In this 956 

present case, the wind profile is most similar to their case with shallow shear at 20 m s-1 / 5 km 957 

and constant westerlies above.  The formation of a horizontal PV dipole may contribute to 958 

strengthening and stabilizing the self-perpetuating structure of a derecho.   Since the speed of 959 

propagation of the derecho was very similar in HRRR, UWNMS-4, and UWNMS-8, despite 960 

differing strength and structure, this supports the hypothesis that the speed of the derecho is 961 

controlled by a steering level flow which is related to the jet streak in the synoptic-scale cyclone. 962 
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hive&frames.  Surface meteorological observations are available from 971 

https://mesonet.agron.iastate.edu/request/asos/1min.phtml#.   972 

The Davenport, IA sounding is available from 973 

https://www.spc.noaa.gov/exper/archive/event.php?date=20200810. 974 

Observations for creating the surface station plot are available from https://rda.ucar.edu/.   975 

NOAA NEXRAD-II GOES-16 images and lightning data are available from 976 

https://www.ncdc.noaa.gov/wct/.   977 
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NOAA High-Resolution Rapid Refresh (HRRR) Model was last accessed on July 15, 2023 from 978 

https://registry.opendata.aws/noaa-hrrr-pds.   979 

UWNMS images may be reproduced from the VIS5D files of the simulations, which are stored 980 

on a dedicated computer in the AOS Department at the UW-Madison, available from the authors. 981 
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