
1. Introduction
Thunderstorm updrafts are sometimes observed to rotate. This is well-understood in the context of severe 
weather in continental convection, especially over the contiguous United States (CONUS), for example, Kain 
et al. (2008). More recently the role of vortical hot towers (VHTs; Guimond et al., 2010; Hendricks et al., 2004) 
in tropical cyclone intensity changes has become better understood. But updraft rotation is typically studied 
in isolated events, and it has not been considered as a broadly distributed phenomenon. This is in part due to 
the lack of observations of rotating convection. Indeed, the frequency of strongly rotating updrafts—especially 
mesocyclones—even in the CONUS was poorly understood before the installation of a dense nationwide Doppler 
radar network, as seen through the increases in radar-detected tornadoes after 1990 (Verbout et al., 2006) and 
improved understanding that most mesocyclones are not associated with tornadoes (Trapp et al., 2005). The spatial 
distribution of rotating updrafts has been scarcely studied except as for its role in creating severe weather, specif-
ically supercell thunderstorms, mesoscale convective systems (MCSs), and tornadoes. Rotation of sub-severe 
storms—those not meeting National Weather Service severe weather criteria—has apparently not been studied 
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at all. VHTs are beginning to be observed through geostationary satellites and in some aircraft observations 
(Hogsett & Stewart, 2014) but most effort at understanding these uses regional simulations, and exclusively in 
the context of mature and intensifying tropical cyclones where there has been some effort to better understand 
their role in genesis and intensification (Kilroy, 2021, and references therein; Wang, 2018; Zawislak, 2020, and 
references therein; Hendricks et al., 2004). An appreciation for rotating updrafts elsewhere is virtually absent. 
Current global models used for routine weather and climate simulation are too coarse to represent updrafts or 
their rotation. Regional convective-scale models focus on severe weather and VHTs, and run at most only for a 
few days, restricting understanding of the patterns of their occurrence, and of interactions between successive 
days' events or between scales.

Updraft rotation, even if not of severe magnitude, is worth studying as it may provide useful insight into the 
characteristics of thunderstorms, including their life cycles, mutual interactions, and their dependence upon the 
larger-scale environment. This would hold true worldwide, not just for mid-latitude severe convection or VHTs, 
but also for air-mass convection, convective clusters, tropical cyclogenesis, and tropical continental convection. 
As convective-scale regional models extend their forecasts into the medium range and global models approach 
convection-allowing scales, a better understanding of the behavior of explicit convection and its interactions with 
larger scales becomes increasingly important. This is especially true as convective parameterizations are weak-
ened or disabled in these models, requiring an accurate simulation of multi-day and upscale impacts of explicit 
convection to properly maintain and predict synoptic and global circulations.

Emerging global storm-resolving models (GSRMs; Satoh et al., 2019) are ideally suited to give a global picture of 
rotating convection and its interactions with the large-scale environment. Previous research (Cheng et al., 2022; 
Miyamoto et al., 2013; Seiki et al., 2022; Wedi et al., 2020; and references therein) has made some progress on 
understanding the properties of global explicit convection but not of rotating convection cells.

In this paper we investigate rotating convection in a year-long GSRM simulation, forced by analyzed sea-surface 
temperatures, of the GFDL System for High-resolution prediction on Earth-to-Local Domains (SHiELD). This 
configuration has been submitted to Phase 2 of the Dynamics of the Atmospheric general circulation Modeled 
On Non-hydrostatic Domains initiative (DYAMOND; https://www.esiwace.eu/services/dyamond-initiative/
services-dyamond-winter, Stephan et  al.,  2022). We will find that convection frequently rotates, and that the 
preferred sense of rotation depends on latitude and on geography, especially over continents. We will also find 
that environmental shear provides a good estimate for the prevalence of either sense of rotation, but that local 
storm-scale dynamics still play an important role in the development of rotation. This work is accomplished 
by taking concepts from severe weather research, developed principally over the CONUS, and applying them 
worldwide, in combination with analyses typically applied to intraseasonal and longer-timescale variability. Due 
to the variety of forms of convection worldwide and numerous potential sources of rotation in updrafts we only 
speculate on the processes generating storm-scale vorticity in this GSRM and save such investigation for future 
research.

Experimental aircraft developed by the National Aeronautics and Space Administration (NASA) are desig-
nated “X-Planes.” SHiELD's dynamical core, FV3, was first developed at NASA (Lin & Rood, 1996; Putman & 
Lin, 2007), and FV3's creator Shian-Jiann Lin was trained as an aeronautical engineer. In honor of this heritage, 
we have named this GSRM “X-SHiELD,” the eXperimental configuration of SHiELD.

2. Methods
X-SHiELD is a configuration of SHiELD (Harris et al., 2020). We briefly describe the 2021 version used in 
this paper. X-SHiELD is discretized on a C3072 (3.25 km) cubed-sphere grid with 79 vertical levels, with the 
lowest mid-level at 10 m above the surface. X-SHiELD couples the nonhydrostatic FV3 dynamical core to phys-
ical parameterizations including GFDL microphysics, version 2 (Zhou et al., 2019, 2022), the prognostic TKE 
form of the EDMF turbulence scheme (Han & Bretherton, 2019), and the Noah-MP land-surface model with 
high-resolution fixed files provided by the Environmental Modeling Center. X-SHiELD also uses Scale-Aware 
SAS (Han et al., 2016) to parameterize shallow convection; there is no deep convective parameterization. There 
are no interactive aerosols, and the only chemistry is stratospheric ozone, represented by a simple linear parame-
terization based on the observed long-term climatology.

X-SHiELD grew out of an earlier GFDL FV3-based GSRM, which was submitted to the first phase of DYAMOND 
(Stevens et al., 2019) and has been part of earlier evaluations (Judt et al., 2021; Nugent et al., 2022; Turbeville 
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et al., 2022). A 40-day simulation with the 2021 version of X-SHiELD was submitted to the second phase of 
DYAMOND (Duras et al., 2021) and evaluation is underway (Stephan et al., 2022).

We perform a 15-month integration starting at 00 UTC on 20 October 2019 and ending 00 UTC on 17 January 
2021 (455 days), although only dates in 2020 are considered in this manuscript. We use a mixed-layer ocean to 
compute sea-surface temperature (SST); as per the DYAMOND protocol the SSTs are nudged toward analyzed 
ECMWF SSTs. A complementary analysis of this simulation and a companion warmed-climate simulation is 
described in Cheng et al. (2022).

Convective frequencies are computed using native-resolution output of 6-hr column-maximum updraft velocity 
(Wup) below 100 hPa, and 6-hr extreme values of counter-clockwise (positive) and clockwise (negative) 2–5 km 
updraft helicity (UH). We define “intense” convection as that for which Wup is greater than 10 m s −1. We define

UH =

5km

∫
2 km

𝑤𝑤𝑤𝑤 d𝑧𝑧𝑧 (1)

where 𝐴𝐴 𝐴𝐴 is the vertical velocity and 𝐴𝐴 𝐴𝐴  is the relative vertical vorticity. For example, for a 2–5 km mean w of 
10 m s −1 and a corresponding 𝐴𝐴 𝐴𝐴  of 10 −3 s −1, UH would be 30 m 2 s −2. This quantity is a frequently used proxy 
for severe weather in convective-scale prediction models (Droegemeier et al., 1993; Kain et al., 2008). Typically, 
thresholds of 50–250 m 2 s −2 are used to indicate potentially severe weather events, but this threshold is notably 
model- and resolution-dependent (Kain et al., 2008). In FV3, both vertical velocity and vertical vorticity are grid-
cell mean quantities (the latter computed exactly using Stokes' theorem; Lin & Rood, 1997) and so UH can be 
computed exactly, leading to larger values in FV3-based models than those using other dynamical cores (Potvin 
et al., 2019). The threshold used by the Storm Prediction Center to indicate CONUS severe weather in FV3-based 
convective-scale models is 250 m 2 s −2, corresponding to the 99.85 percentile of hourly maximum UH values 
during the peak of severe weather season in May (about 1 out of 650 grid columns; see https://www.spc.noaa.
gov/exper/href). These high UH values are very rare worldwide, as we will see below. Note that the maximum 
vertical velocity in a deep, intense updraft will be attained in the upper troposphere, well above the 2–5 km layer 
in which UH is computed. Thus, in deep updrafts Wup is usually much larger than the vertical velocity that is used 
to compute UH. While 2–5 km UH is designed for mid-latitude warm-season severe convection and may not be 
the best way to characterize rotation in all convective events—cf. the use of potential vorticity by Rogers (2010) 
for VHTs—it still is a useful, simple, and broadly applicable metric for detecting rotation in a wide array of 
convective events, as we will see below.

Counts of Wup and UH are the number of columns in each 0.75 x 0.75-degree bin (roughly equal to the 80-km 
grid bins used for validation of severe storm forecasts; cf. Hitchens et al., 2013; Sobash et al., 2011) in which 
the 6-hr maximum exceeds given threshold values. Counts are normalized by the number of cells in a bin, so the 
values are the number of times per season/year any given model column can expect a threshold event. Counts are 
of individual grid columns and not convective objects. Analysis is restricted to areas below 60° latitude in both 
hemispheres, poleward of which convection is rare.

3. Results
3.1. Global Distribution of Intense and Rotating Convection

The global distribution and annual cycle of deep convection is well documented (Houze et  al.,  2015; Liu 
et  al., 2007). We see in Figure 1 that intense convection in X-SHiELD (defined as Wup > 10 m s −1) is most 
common over the deep tropics year-round and follows the migration of the ITCZ. Intense convection is also 
present in the extratropical storm tracks and in common tropical cyclone paths, and in the South Pacific Conver-
gence Zone. We also see frequent intense convection in the warm seasons over mid-latitude continents, most 
notably over the central United States but also in northern Eurasia, central China, Argentina, southern Africa, and 
Australia. Over large areas in the subtropics, especially in the southern hemisphere, intense convection is absent. 
Intense convection is also nearly absent over the ocean poleward of 40° latitude. These results are in line with 
the observed frequency of convection as defined from satellite-based radar reflectivity (Houze et al., 2015; Liu 
et al., 2007) and give confidence that X-SHiELD is producing a realistic frequency of convection. The quantita-
tive comparison to observed precipitation and convective parameters in the following subsection also shows that 
X-SHiELD is producing a realistic simulation of convection more generally.

https://www.spc.noaa.gov/exper/href
https://www.spc.noaa.gov/exper/href
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The spatial distribution of rotating updrafts largely follows that of convective updrafts, although the sense of 
rotation shows a more complex pattern. Figure 2 shows the frequency of UH magnitudes greater than 50 m 2 s −2 
for both positive (counter-clockwise) and negative (clockwise) values. This threshold is much smaller than tradi-
tional thresholds used for CONUS severe weather prediction but is useful for detecting storm rotation in lower 
latitudes where environmental sources of vertical vorticity are weak (see Figures 7 and 15 below).

Cyclonic UH (positive in the northern hemisphere, negative in the southern hemisphere) dominates away from 
the equator, especially over the ocean; this signature is weaker over the continents. We quantify this in Figure 3: 
yellow regions correspond to areas in which cyclonic updrafts are at least four times as frequent as anticyclonic, 
while purple indicates a closer equality of the two orientations. Anticyclonic updrafts predominate only in small 
regions along the equator, where "cyclonic" has little meaning; along the peaks of mountain ranges, where local 
effects may prefer one sign of rotation; and in some areas of very few convective events. In the high northern 
latitudes cyclonic updrafts are several times more frequent than anticyclonic, although this represents a small 
number of events.

Except in the deep tropics, oceanic convection is preferentially cyclonically rotating. In continental convective 
hot spots cyclonic updrafts still tend to be more frequent, but there are also significant numbers of anticyclonic 
updrafts. This correspondence is by no means universal and there are interesting geographic and seasonal varia-
tions seen in Figure 2, such as a greater preference for cyclonic rotation in the Gulf of Mexico and Southeastern 
US. The seasonal cycle of this ratio over the Indian Subcontinent is also unusual: in the monsoon season (JJA) 
and into SON the convection is more oceanic in nature, with a distinct cyclonic preference, but in MAM there is 
no such preference.

How frequently do intense updrafts rotate? Figure 4 shows the fraction of Wup > 10 m s −1 updrafts that meet 
the 50 m 2 s −2 UH criterion, in either sense of rotation. While not all updrafts rotate to an appreciable degree, in 
nearly all convective regions some significant fraction (at least 10%) do. In general, rotation is more frequent in 
the subtropics and mid-latitudes, where about half of all intense updrafts also meet this UH threshold. Except for 
the Himalayas where intense convection is common (Houze et al., 2007; Romatschke et al., 2010) the apparent 
high frequency of rotating convection in mountainous regions is likely due to a very small sample of events. This 
is most noticeable in the Cascades and Andes ranges. Caution must be used in interpreting the results in steeply 
mountainous regions.

For UH values meeting the severe threshold (250 m 2 s −2) many of these features are even more clear (Figure 5). 
Positive severe UH dominates in the northern hemisphere and negative severe UH dominates in the southern 
hemisphere. As we expect, most severe UH events occur over land, and the few events occurring over the ocean 
are overwhelmingly cyclonic. Larger counts of severe UH correspond to the warm seasons of the CONUS, 

Figure 1. Seasonal 0.75-by-0.75-degree bin-mean count of intense convection events (Wup > 10 m s −1). This and successive figures represent the number of 6-hourly 
intervals per season for which any grid column in a particular bin can expect to have intense convection. White represents bins with no events in a season.
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Figure 2. As in Figure 1, except for Updraft Helicity magnitudes larger than 50 m 2 s −2: top, positive (counter-clockwise rotating) events; bottom, negative 
(clockwise-rotating) events.

Figure 3. Annual ratio of cyclonic to anticyclonic Updraft Helicity events of magnitude >50 m 2 s −2. White regions represent areas where no UH events of this 
magnitude occurred.
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Figure 4. Annual fraction of intense updrafts which rotate (ratio of abs (Updraft Helicity) > 50 m 2 s −2 to Wup > 10 m s −1).

Figure 5. As in Figure 2, but for a 250 m 2 s −2 threshold. Note the smaller upper bound for the colorbar compared to Figure 2.
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Argentina, South Africa, sub-Saharan Africa, the Bay of Bengal, and in a band from central Europe into eastern 
Siberia. Figure 5 shows that anticyclonic updrafts of this high magnitude are rare, especially over the ocean, and 
in the locations where they occur at all (CONUS, Bay of Bengal, South America) they are still much less common 
than cyclonic severe updrafts.

3.2. Validation of Convection and Rotation

Precipitation helps validate how well the model represents deep convection globally. X-SHiELD well reproduces 
2020's observed precipitation from the Global Precipitation Measurement satellite (GPM; Huffman et al., 2019) 
with global root mean square errors (RMSE) of only about 1.2 mm/day (Figure 6). This compares well with 
CMIP6 climate models (cf., Boucher et al., 2020; Zhao et al., 2018), despite X-SHiELD only having a single 
year's simulation to be validated. X-SHiELD has a global average precipitation of 2.9  mm/day compared to 
the GPM estimate of 2.7 mm/day, although observational and reanalysis datasets disagree on the global aver-
age precipitation rate and the precise value remains elusive (Gehne et al., 2016). X-SHiELD tends to have too 

Figure 6. Year-mean precipitation (mm d −1) in X-SHiELD compared to the Global Precipitation Measurement observation 
for 2020. Numbers in panel titles represent the average (“avg”), standard deviation (“std”) and root-mean square error 
(“rmse”) for the Global Precipitation Measurement satellite (GPM) domain of 60°S–60°N latitude.
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much precipitation in the tropical convective regions and too little in the extratropical storm tracks. Areas of 
lighter  precipitation are also broader than in GPM, possibly due to an excess of shallow convective precipitation 
in X-SHiELD.

We can also validate simulated convective parameters against a reanalysis to evaluate the ability of X-SHiELD to 
simulate convection and convective organization. Figure 7 compares year-mean simulated convective available 
potential energy (CAPE), 0–6 km shear, and both senses of storm relative helicity (SRH, described in Section 
3.5) to the ECMWF ReAnalysis version 5 (ERA5; Hersbach et  al.,  2020). The shear and SRH shows broad 
agreement with the reanalysis, with largest errors over high terrain in Tibet, Greenland, and Antarctica where 
there is little convection. There is a clear difference in the magnitudes of CAPE between X-SHiELD and ERA5, 
especially over the warm equatorial oceans, although the spatial patterns are similar and the pattern correlation 
is 0.7. This may be explained by the differences between X-SHiELD and the model used to create ERA5. While 
X-SHiELD explicitly simulates deep convection, ERA5's Integrated Forecast System uses a convective param-
eterization with a CAPE closure (Bechtold et al., 2014) to trigger convection. An examination of the instanta-
neous fields (not shown) finds that CAPE is longer lived in X-SHiELD than in ERA5, representing the slower 
consumption of CAPE in the absence of a convective parameterization. Similar results for CAPE in explicit- and 
parameterized-convection simulations were found by Becker et al. (2021) over tropical Africa.

Worldwide observations of rotating convection do not exist. Over the CONUS simulated UH values above a 
certain threshold are considered proxies for severe weather and so severe weather reports (tornadoes, strong 
winds, large hail) are used as a validation data set (cf., Hitchens et al., 2013; Sobash et al., 2011). Here, we take 
2020 tornado reports from the Storm Events Database (https://www.ncdc.noaa.gov/stormevents/) and following 
this methodology (henceforth “Sobash-SPC methodology”), sort daily events into 0.75-by-0.75° bins. Under this 
methodology, a "hit’ is when there is at least one event—either a simulated UH magnitude over the threshold or a 
tornado report—within a bin in a day. The resulting grid is then smoothed using a Gaussian filter with a one-bin 
(0.75°) radius to preserve smaller-scale features in the UH fields. The Sobash-SPC methodology is an imper-
fect way of comparing models to storm reports: there is not a direct mapping between simulated storm rotation 
and a real-world tornado report, and only about 1 in 4 mesocyclones (intense rotating thunderstorms) produce 
tornadoes (Trapp et al., 2005). Storm reports are also notably an imperfect means for forecast validation (Herman 
et al., 2018) and the “bin” methodology can weight single events as heavily as a localized outbreak. Keeping these 

Figure 7. Year-mean convective parameters in X-SHiELD compared to ERA5 (top row) for 2020. Columns are, from left to right, convective available potential energy 
(CAPE), 0–6 km shear, Right- storm-relative helicity (SRH), and Left-SRH. See text for discussion of CAPE between ERA5 and X-SHiELD. Numbers in panel titles 
follow those of Figure 6, with the addition of "r’ for pattern correlation.

https://www.ncdc.noaa.gov/stormevents/
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caveats in mind, the Sobash-SPC methodology is still useful for our purposes given its prior application to model 
validation (cf., Potvin et al., 2019).

There is a similarity in the pattern of severe rotation days (Figure 8a, both senses of rotation) and reported tornado 
days (Figure 8b). The two maxima seen in the UH frequencies, one centered over Iowa, the other over Louisiana 
and Texas, separated by a local minimum from central Oklahoma into Illinois, bears a striking although likely 
coincidental resemblance to the pattern of tornado reports in 2020, with maxima in northern Illinois and in 
southern Mississippi. This result gives us some confidence that X-SHiELD is simulating the annual frequency of 
high-threshold UH reasonably well, given the limitations of our one year of simulation and its less-than-optimal 
compatibility with the available validation data set. However, the observed higher frequency of tornadoes in the 
Southeastern US, along the front range of the Rocky Mountains, and along the US Atlantic Coast, is not reflected 
in the simulated UH frequency. X-SHiELD also produces significant counts of severe rotation days in the high 
northern Plains, especially in sparsely populated western Nebraska and South Dakota, not present in the storm 
reports. It is also evident from the bottom two panels of Figure 8 again that while cyclonic (positive) UH predom-
inates, anticyclonic UH is not uncommon especially in the upper midwestern states.

3.3. Quantification of Global Convection and Rotation

Figure  9 shows the ratios of the zonal mean frequencies of positive versus negative UH exceeding different 
threshold values, for the ocean and separately for the continents in both the western and eastern hemispheres. The 
zonal means validate the qualitative patterns deduced from Figure 2: over the ocean cyclonic rotation dominates 
and increases poleward until about 20–30° latitude. This corresponds to regions in which tropical cyclogenesis 
is common, which are virtually all cyclonic. An example of tropical cyclone related UH is given in Figure S1 in 
the Supporting Information S1, in which cyclonic helicity dominates in the eyewall although updrafts of both 
senses of directions are seen in convective cells embedded in the outer rainbands. Over the land the pattern is 
more complex, as this monotonic increase is only seen in the deep tropics equatorward of 10° latitude, with local 
minima in the ratio in the mid latitudes corresponding to convective hot spots: the central US and Argentina in 
the western hemisphere, and in west Africa, South Africa, Australia, and across central Eurasia in the eastern 
hemisphere. Since the continental hot spots all lie at different latitudes, we separate the zonal-mean analysis by 
hemisphere to avoid averaging out the latitudinal variation.

Nearly universally the ratios between cyclonic and anticyclonic UH increase with increasing threshold. These 
relations hold all the way up to 200 m 2 s −2, nearing the model's threshold for severe weather. At this 200 m 2 s −2 

Figure 8. Contiguous United States (CONUS) number of days with severe Updraft Helicity or a reported tornado in 2020. 
See text for methodology. The colorbar for observed tornado days in (b) differs from the others reflecting the small fraction of 
rotating storms that cause tornadoes (Trapp et al., 2005).
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magnitude the relationships become even more striking, notwithstanding the additional noisiness in the plot due 
to the relatively small number of events (Figure S2 in the Supporting Information S1).

Continental hot spots show a smaller but still distinct preference for cyclonically rotating updrafts. This is espe-
cially true for strong storms with UH thresholds of 200 m 2 s −2, for which cyclonically rotating updrafts are 3–5 
times more frequent than anticyclonic updrafts. This is in line with the typical CONUS experience that severe 
storms are most frequently cyclonically rotating, as was also seen in X-SHiELD for a 250 m 2 s −2 threshold in 
Figure  5. This is exemplified by a summertime Mesoscale Convective System (MCS) event in the northern 
Midwestern US (Figure S3). In both the earlier (west) and later (east) phases of the MCS's life cycle, cellular 
convection dominates and both signs of UH are seen, although cyclonic UH dominates. In the mature (central) 
phase of the MCS, some embedded cells are seen but there is a broad area of updrafts and cyclonic UH with very 
little anticyclonic UH. This may suggest broader uplift in a rotationally sheared environment, such as along a 
squall line.

We plot probability distribution functions (PDFs) of the UH in Figure 10 in regions and latitude bands to better 
quantify the relative frequencies of each sense of rotation. Here we show only UH for intense convection, so that 
the results are not dominated by weak updrafts. Over the ocean in both hemispheres there is a greater preference 
for cyclonic UH that increases in more poleward latitudes and with UH threshold; there are also more total 
events counted at lower latitudes over the ocean. The PDFs over land are more complex: cyclonic UH is not as 
clearly dominant and the increasing prevalence of UH at higher latitudes is not monotonic as it is over the ocean. 
However, the same broad pattern is seen. Intriguingly, nearly all the curves meet at a certain crossover point, 
about 25 m 2 s −2. This may indicate that 25 m 2 s −2 constitutes a UH “noise floor” of weak rotating updrafts, at 
which point the frequencies of either sense of rotation are so similar it becomes difficult or impossible to distin-
guish the two signs. This level of UH would correspond to a quite weak mesocyclone: a 25 m 2 s −2 UH updraft 
with a mean vertical velocity of 5 m s −2 in the 2–5 km layer would have a mean vorticity of only 1.7 × 10 −3 s −1, 
well below the minimum threshold for mesocyclone detection (Trapp et al., 2005). Alternately, this could be 
attained by a strong localized vorticity without an updraft: for vorticity of 10 −2 s −1 then this UH threshold would 
be reached for vertical velocities less than 1 m s −1.

We can deduce some facts about the origins of rotation in convective updrafts from these ratios. Since the times-
cale of individual convective updrafts is short, we cannot ascribe their sense of rotation directly to the convergence 

Figure 9. Zonal-mean annual relative counts of positive to negative Updraft Helicity events of different magnitudes over the 
ocean (top), western-hemisphere land (WH: North and South America, middle), and eastern-hemisphere land (EH: Africa, 
Eurasia, Australia, and Maritime Continent, bottom). Count ratios in each 0.75° latitude band are plotted on a log scale. 
Figure S2 in the Supporting Information S1 shows absolute counts of both senses of rotation.
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of planetary vorticity, although this has an indirect effect on convection through synoptic-scale systems that give 
preference to one sign of rotation or the creation of horizontal shear zones that affect updrafts. This inference does 
not rule out the convergence of relative vorticity as a contributor to rotating updrafts.

3.4. Example: Rotating Convection in the Tropical Western Pacific

We now show concrete examples of rotating convection events, on the synoptic scale and on individual convec-
tive cells. The JJA tropical Pacific provides an illustration of these processes (Figure 11). In both the deep tropics 
and subtropics, rotating updrafts are associated with westward-propagating convective events (indicated by low 
OLR values). In the subtropics (20–30 N) cyclonic updrafts are usually several times more frequent than anti-
cyclonic updrafts, although we find at this threshold (50 m 2 s −2) that the events with the most frequent cyclonic 
updrafts are co-located with significant numbers of anticyclonic updrafts. In these events the ratio is much closer 
to unity (and in some cases anticyclonic rotation dominates) than in the events for which fewer rotating updrafts 
are present. An analysis with a larger 100 m 2 s −2 threshold (Figure S4 in the Supporting Information S1) however 
reveals that stronger rotation is cyclonically dominated, with only a small number of events in which strong 
anticyclonic rotation dominates. This gives an indication that significant numbers of updrafts with both senses of 
rotation are created, but that the anticyclonically rotating updrafts are weaker. We will return to this point below. 
Meanwhile, in the deep tropics (0–10 N) there are roughly equal numbers of both signs of UH.

These suppositions are supported by computing the PDFs for just this region and these months (Figure 12, left). 
The frequency of cyclonic updrafts is roughly the same for all thresholds in the deep tropics and over 10 to 
20°N latitude, with slightly less in the subtropics. The frequency of anticyclonic updrafts clearly decreases in 
the more poleward bands, and the frequency relative to the number of cyclonic updrafts decreases with thresh-
old, to the point that in the subtropics, an appreciable number of UH > 150 m 2 s −2 updrafts are counted but 
UH < −150 m 2 s −2 is very rare. Again, the crossover of the curves in both panels is at about 25 m 2 s −2, lending 
credence to our hypothesis that this is the noise floor for UH.

Figure 10. Conditional probability distribution functions of positive (heavy lines) and negative (light, thin lines) Updraft Helicity (UH) for intense convection (grid 
cells in which Wup > 10 m s −1) in different regions (as in Figure 9) and latitude bands. Top row shows northern hemisphere latitudes, bottom row shows southern 
hemisphere latitudes. Normalization is by the number of cells with intense convection, given in parentheses in the legends. UH bins with fewer than 10 events are not 
plotted.
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Figure 11. Hovmuller (time-longitude) plots averaged within two latitude bands in the Western Pacific for JJA. Shaded colors are counts in 1-degree longitude bins 
of daily Updraft Helicity (UH) > 50 m 2 s −2 events for positive (left) and negative (center) UH values; the shading in the right panel is the ratio of positive to negative 
events. Only bins with at least 50 columns per day exceeding the UH thresholds are shown. Black contours represent 100–220 W m −2 values of latitudinally-averaged 
outgoing longwave radiation with a 40 W m −2 contour interval.
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The distinctly enhanced preference for cyclonic rotation in the subtropics suggests that there is an environmental 
control at work in the generation of rotating convection, even if for individual events local vorticity generation 
of both signs is still active. This is identifiable from an examination of two specific regions in the tropical 
north-western Pacific for a four-day period in July 2020 (Figure 13). In the northern region, positive UH domi-
nates (green) and there is relatively less negative UH (purple). The numbers are nearly equal in the southeastern 
region. The storms in the South China Sea show a larger number of cyclonic events than anticyclonic ones, but 
not overwhelmingly so. This relation is quantified by the PDF in Figure 12 (right) which shows nearly equal 
frequencies of both senses of rotating updrafts up to about 125 m 2 s −2 in the deep tropics, but many more cyclonic 
updrafts at higher latitudes. Note that this period is dominated by the first of three larger westward-propagating 
events (Figure 11, top-right panel) starting in early July and each lasting about 2 weeks. In other times, there are 
large quiescent regions (especially in the subtropics) and so the PDFs of this region do not precisely match those 
for the full summer (Figure 12, left) or full year (Figure 10).

By zooming in on these areas (Figure 14) we can get a better sense of the behavior of convective cells. In the 
subtropical region (Figure 14, top) many updraft tracks (gray contours) are seen, many of which overlap over the 
48-hr period and not all of which are associated with strong rotation. In many cases those that do rotate show 
pairs of positive and negative UH (green and purple contours, respectively). Pairs of simultaneous cyclonic and 
anticyclonic updrafts, and the short lengths and thus short lifetimes of most individual cells' tracks (usually less 
than 50 km, lasting a few hours) suggest that convergence of planetary rotation is not the principal mechanism 
creating vorticity in these cells. These pairs can be compared to vorticity dipoles seen in the idealized simulations 
of Kilroy and Smith (2015) which arose by the tilting of horizontal shear vorticity into the vertical. Note that 
in this region the prevailing flow is northerly as part of the synoptic-scale circulation, and so here the cyclonic 
right-moving cells are to the west of the anticyclonic left-moving cells.

While large (UH > 100 m 2 s −2) values of both signs are present in the subtropical region, so that the circumstances 
leading to individual storm formation are important for the sense of rotation and how large the UH gets, it is appar-
ent from Figure 14 (top) that positive UH dominates. A simple count of the number of columns (insets, Figure 14) 
with threshold values of UH confirms our visual inspection. As was seen in Figure 11, subtropical events with many 
rotating updrafts tend to have both senses of rotation present, although the cyclonically rotating updrafts have larger 
UH. This again suggests the action of the local vorticity generation creating counter-rotating updraft pairs, with the 
cyclonic sense of vorticity being preferred. In the lower-latitude region (Figure 14, bottom) pairs of counter-rotating 
cells are again seen, although the vorticity couplets are less well-organized, and much more negative UH is pres-
ent than in the subtropical region. Since planetary vorticity is so small within 10 degrees of the equator, and the 
convective cell lifetime so short (a few hours at most), we can conclude that the preference for one sign of rotation is 

Figure 12. (left) Conditional probability distribution functions over latitude bands (°N) of Updraft Helicity (UH; m 2 s −2, 
positive solid, negative dotted) in intense updrafts for the region and time period shown in Figure 11. (right) Same but for the 
region shown in Figure 13. Normalization is by the number of cells with intense convection. Numbers in parens are the count 
of total events with UH magnitude greater than 25 m 2 s −2. Bins with fewer than 10 events are not plotted.
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principally influenced by the synoptic environment. Note that the existence of both senses of rotation and with a range 
of UH intensities implies that the rotating convection shown here is not merely the existence of an updraft stretching 
the environmental vorticity, but that there are processes at work which develop and amplify both signs of vorticity.

3.5. Role of Environmental Controls in Rotating Convection

We have suggested that the environmental vertical wind shear is an important if not the only factor in determining 
the ratios of cyclonic and anticyclonic updrafts. The role of Storm Relative Helicity (SRH) in creating rotating 
updrafts is well understood (Davies-Jones,  1984) and provides a useful means by which we can explain our 
results, independent of the geography, environment, and formation of the updrafts. SRH is the vertical integral 
(here 0–3 km above ground level) of the vector product of an estimated storm-relative wind and the vertical 
wind shear. Figure 15 shows yearly, zonal averages of 0–3 km SRH for the right- and left-moving storms, called 
R-SRH and L-SRH respectively using the definitions from Bunkers et al. (2000) and Bunkers (2002); the differ-
ence between the two senses is in the assumed storm motion, either right or left of the 0–6 km shear vector. The 

Figure 13. Period-extreme values of positive (green) and negative (purple) Updraft Helicity over the tropical Northwestern Pacific, over a 4-day period in July 2020. 
Contour interval is 50 m 2 s −2. Negative contours are semi-transparent and plotted over positive contours. Regions inside the boxes are shown in Figure 14.
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precise calculation is given in Supporting Information S1 (Text S1). Here, we 
show both the mean weighted by counts of updrafts with max vertical veloc-
ity above 10 m s −1, and the unweighted mean. The weighted mean removes 
the effects of intense cold-season mid-latitude cyclones—in which strongly 
deformational flows can create SRH values above 1000 m 2 s −2—with little 
convection as well as quiescent periods also with little convective activity 
while emphasizing convective outbreaks. Here again, in the northern hemi-
sphere we refer to R-SRH as cyclonic and L-SRH as anticyclonic, with the 
convention reversed in the southern hemisphere. The year-mean values of 
both senses of SRH (Figure  7, right two columns) matches well with the 
ERA5 reanalysis.

Figures 9 and 15 show a consistency between the SRH and the ratios of UH: 
the two senses of SRH are roughly equal at the equator and in the deep trop-
ics, with the cyclonic sense becoming increasingly dominant steadily into 
the subtropics and mid-latitudes in both hemispheres. The difference in the 
means is modest in the subtropics and especially in the oceanic subtropics but 
should be sufficient to cause the simulated preference for cyclonic updrafts. 
There are large differences between the two orientations in the mid-latitude 
storm tracks and in land regions. Notably, Eastern Hemisphere continen-
tal SRH differences show a close match to the pattern of cyclonic updraft 
preference: maxima in the ratios toward cyclonic updrafts at 15 and 35°N, a 
minimum at 25°N, and an increase poleward of 30°S closely match similar 
maxima and minima in differences between cyclonic and anticyclonic SRH. 
In the continental Western Hemisphere, there is distinctly more cyclonic SRH 
poleward of 25° latitude, corresponding to the larger numbers of cyclonic 
updrafts in the mid-latitudes. This correspondence is not perfect: despite the 
distinct preference for cyclonic updrafts in the western hemisphere's conti-
nental subtropics, there is almost no difference between the two senses of 
SRH in the weighted-mean in this area.

Although the magnitude of the SRH difference in the mid-latitudes, espe-
cially over land, is significantly larger than the SRH difference over the 
subtropical oceans, this does not correspond to a larger preference for 
cyclonic updrafts. Indeed, over the subtropical oceans the preference for 
cyclonic updrafts is significantly larger than in the continental mid-latitudes, 
much more than can be expected from the SRH difference alone. This points 
to the well-recognized (cf., Emanuel,  1989) and fundamental distinction 
between tropical and mid-latitude convection, in which mid-latitude convec-
tion is typically longer-lived and more intense than that in the tropics and is 
supported by much larger CAPE and convective inhibition values. This more 
intense convection and its aggregation into mesoscale convective systems 
may create more storm-scale phenomena that can create and enhance both 
cyclonic and anticyclonic updrafts; Figure S3 in the Supporting Informa-
tion S1, depicting such a system over the northern Midwest US, shows the 
possibility for these intense systems to create both senses of rotation. It is also 
possible that local geographic features over land can modify the preference 
for cyclonic updrafts.

Why does the ratio of cyclonic to anticyclonic storms increase with the threshold? We can speculate on the causes 
for this. It may be that stronger updrafts are able to tilt the environmental shear more strongly into vertical vortic-
ity, which is more often cyclonic as seen by the preponderance of cyclonic SRH in most regions. It may also be 
true that flow convergence may locally enhance the SRH to high levels, thereby inducing rotation within devel-
oping updrafts. This is akin to the result of Nolan (2011) who found VHTs with strong rotation arising from local 
enhancement of SRH, or of Markowski et al. (1998) who deduced significant time and space variability in SRH.

Figure 14. As in Figure 13 but zoomed-in over the subtropical (top) and deep 
tropical (bottom) convective regions and over a 2-day period. Gray contours 
are period-maximum Wup with a contour interval of 10 m s −1. Text in boxes 
indicate the number of columns in each region meeting thresholds for Wup and 
both senses of Updraft Helicity anytime during this 2-day period.
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4. Conclusions
We have described the global properties of rotating convection in the X-SHiELD global storm resolving model as 
characterized by 2–5 km updraft helicity (UH). We have shown that UH is a simple and broadly applicable way 
to characterize the rotation of a wide range of convective updrafts, beyond the original severe supercell thunder-
storms it was designed for. The frequencies of intense convection (6-hr maximum updraft velocities of 10 m s −1 
or greater) match the expected spatial and seasonal distributions, giving credence to the validity of our results. 
This is further borne out by the direct validation of precipitation and environmental parameters for convection and 
shear. In all regions cyclonically rotating updrafts (counterclockwise in the northern hemisphere and clockwise in 
the southern) predominate over anticyclonic updrafts, a preference stronger over higher latitudes especially in the 
ocean. In the deep tropics there is a near equality in the counts of cyclonic and anticyclonic updrafts, with the ratio 
between cyclonic and anticyclonic increasing poleward until about 20° latitude, leveling off at higher latitudes. 
This is complicated over the continents by the more complex geography, and several continental convective hot 
spots are present in which anticyclonic updrafts are not uncommon. Cyclonic rotation is still preferred nearly 
everywhere, a preference that only increases at higher UH thresholds.

An examination of marine convection over the western Pacific reveals that the rotating updrafts are individual 
convective cells. Cyclonic storms predominate in the subtropics while there is near equality in the deep tropics, 
where many updrafts may not rotate at all. These individual thunderstorms are not sufficiently long-lived (at most 
a few hours) for planetary vorticity to directly affect storm formation, so we conclude that the synoptic-scale envi-
ronment is likely the determining factor. There is a correspondence with the convection-weighted storm-relative 
helicity (SRH) of the appropriate sign and of the number of rotating storms in these regions, indicating that 
some of the difference can be explained by environmental shear. X-SHiELD also produces numerous pairs of 
counter-rotating storms, indicating that we are not merely seeing the convergence of environmental relative 
vorticity into updrafts. We conclude that, similarly to the well-understood process leading to the origin of rota-
tion in continental storms, the relative prevalence of cyclonic to anticyclonic storms arises from the ambient 
SRH in the synoptic environment for cyclonic storms (right-moving in the northern hemisphere) compared to 
that for anticyclonic storms. The synoptic systems in which the storms are embedded are long-lived enough to be 
affected by the planetary rotation, which will prefer one sign of environmental rotation at higher latitudes. This 
does not however rule out the appearance of either sense of updraft rotation for individual events. The analogy 
to mid-latitude continental convection should also not be taken too far as it is recognized that while some of the 

Figure 15. As in Figure 9 but for zonal-mean 0–3 km storm-relative helicity (SRH; m 2 s −2) for the right-moving (blue) and 
left-moving (red) storms. Solid lines are weighted by six-hourly Wup > 10 m s −1 counts in quarter-degree grid bins; dashed 
lines are the unweighted means. Negative L-SRH (favoring the left-mover) is plotted as positive values. The very large values 
of the weighted-mean SRH in the subpolar oceans come from a relatively small number of convective events.
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same processes may be at work (Hogsett & Stewart, 2014) the environments tend to be very different (Kilroy & 
Smith, 2015). Given the wide range of processes that can give rise to a rotating updraft (baroclinic generation, 
barotropic shearing, convergence of environmental vorticity, tilting of environmental shear, etc.) and the global 
scope of this survey, we have left conclusive determinations of which processes are active in which regions to 
future research.

This explanation does not consider the regional factors which complicate the pattern, especially over the 
mid-latitude continental hot spots in which the preference for one sign of rotation is much less pronounced. Some 
of this variation can be explained by the year-mean pattern of SRH, but there are areas especially in the continen-
tal sub-tropics where the preference for cyclonic updrafts is not associated with larger values of cyclonic SRH. 
One shortcoming of the current version of X-SHiELD is that convection may be over-intense, especially over 
the oceans where the model produces as much intense convection as is seen over the continents. Since intense 
convection is rarely seen over the ocean (Houze et al., 2015; Liu et al., 2007; Takahashi et al., 2023) this could 
point to some distinctive property of tropical convection the model is not yet picking up on, or shortcomings 
in the modeled microphysics or planetary boundary layer scheme. One challenge with GSRMs is that explicit 
convection cannot be “tuned” as is done with parameterized convection (Hourdin et al., 2017) and so produc-
ing convective statistics and upscale impacts to match those in the real atmosphere is more difficult. Another 
potential limitation of our results is that the evolution of counter-rotating pairs of storms is heavily dependent 
on specifics of cold pool structure (Grasso, 2000), which in turn depends on the details of the microphysics and 
boundary layer schemes. This is illustrated by our results in the central plains of the United States, in which the 
model simulates a nearly equal number of cyclonic and anticyclonic updrafts for the weaker 50 m 2 s −2 threshold 
(Figure 3). This is despite the well-understood predominance of cyclonic rotation in severe convection, a distinc-
tion which is simulated by X-SHiELD (Figures 5 and 7). Other mechanisms for creating local rotation, including 
convergence of vertical or horizontal vorticity (Nolan, 2011) and the creation of shear zones, may also be at work. 
The potential model dependence on updraft frequency, intensity, and rotation is a source of uncertainty in these 
results; Dauhut and Hohenegger (2022) came to a similar conclusion in their study of stratospheric hydration in 
a GSRM.

Future work could establish whether rotating updrafts have a broader significance in the earth system, including 
whether rotating updrafts are longer-lived worldwide. This could have significant implications for storm impacts 
and on the larger-scale impacts of intense convection. Regional seasonal variations in the two senses of UH 
(Northeastern Pacific, Gulf of Mexico, India) are of additional interest. The seasonal variation in severe weather 
events in the Southeastern US is well-studied (Ashley, 2007; Brooks et al., 2003; Childs et al., 2018) and has a 
notable late-season secondary maximum in severe weather, and other areas may be of equal scientific and societal 
interest. GSRMs like X-SHiELD provide a new way to extend the traditional focus of rotating convection beyond 
severe continental convection and to give a broader view of the significance of this phenomenon, including how 
rotating convection may change in a warmer climate.

Data Availability Statement
Public releases of SHiELD are available at https://github.com/NOAA-GFDL/SHiELD_build. The code used for 
the version of X-SHiELD in this paper is available in Harris, Zhou, Chen, et al. (2022). Data used to produce the 
figures is available in Harris, Zhou, Kaltenbaugh, et al. (2022). GPM data in Figure 6 are from Huffman et al. (2019). 
Tornado events in Figure 8b are from the Storm Events Database at https://www.ncdc.noaa.gov/stormevents.
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