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Atmospheric Sciences

Arctic cyclones have large impacts on sea-ice redistribution and are hazardous to com-

munities in the region, yet the structure and evolution of summer Arctic cyclones is

not fully understood. The structure and evolution of summer 2022 Arctic cyclones are

investigated using Community Earth Systems Model (CESM) atmosphere-only simu-

lations nudged to European Centre for Medium Range Weather Forecasts (ECMWF)

fifth generation reanalysis (ERA5). We explore the bias of cyclones compared to

ERA5 simulated in CESM when nudging to the full-atmosphere, above the boundary

layer only, and above the troposphere only. Full-atmosphere and above the bound-

ary layer only nudged runs compare reasonably well to ERA5 in cyclone location,

structure, and evolution. A case study analysis demonstrated a warm core cyclone

interacted with a tropospheric polar vortex (TPV) before maturation, which show-

cased the transition between a vertically and horizontally asymmetric storm to a more

axisymmetric storm at maturation in both CESM and ERA5. A composite analysis of

Arctic cyclones in the full-atmosphere and above the boundary layer only nudged runs

showed warm core and cold core cyclones had distinct thermodynamic and dynamic

structures, but combining all cyclones leads to similar structure as in previous studies.

The biases compared to ERA5 when nudging CESM only above the boundary layer



or above the troposphere are largely due to the different boundary layer and cloud

physics parameterizations in ERA5 and CESM, so observational comparison is war-

ranted to contextualize these results. Future work includes observational comparison,

utilizing a higher resolution grid, and evaluating the boundary layer parameterization

in CESM.
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Chapter 1

INTRODUCTION

In recent decades, Arctic sea-ice extent has been rapidly decreasing, and under a

high emissions scenario, the Arctic could be seasonally ice free by 2050 [1]. Sea-ice

loss affects the global radiation budget by lowering the polar albedo allowing more ra-

diation to be absorbed. This feedback, known as the ice-albedo feedback, contributes

to Arctic amplification, or the warming of the Arctic faster than the global mean.

Sea ice loss endangers the fragile Arctic ecosystem and the indigenous communities

who rely on sea ice for travel, food, and cultural practices [2, 3]. Sea ice loss also

impacts shipping and transportation routes increasing the need for search and rescue

missions. Summer Arctic cyclones have large impacts on sea-ice redistribution and

are among the most challenging cyclones to forecast on Earth. High winds associ-

ated with summer Arctic cyclones can increase ice drift speed, leading to increased

deformation and increased ice-albedo feedback [4]. Heat and moisture transport from

summer Arctic cyclones can increase cloudiness and thus exposure to longwave radia-

tion leading to sea-ice melt [5]. As sea-ice continues to melt and thin, cyclones cause

more ice drift and upwelling of warm water furthering sea-ice loss [6]. These impacts

are particularly amplified by extreme cyclones [7] such as the great Arctic cyclone of

2012 [8] and the January 2022 Arctic cyclone [9]. However, sea-ice loss is dependent

on the location relative to the Arctic cyclone. Sea-ice actually increases to the west

of the Arctic cyclone and decreases to the east of the Arctic cyclone in a cardinal
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North framework. [10]. These changes in sea ice are driven by the cyclonic rotation

of the Arctic cyclone and the existing North-South gradient of sea ice concentration

and thickness. In addition, the surface flux anomalies affect the melt rate in summer.

There is more absorption of net radiation to the east of the storm and less absorption

to the west of the storm [10].

Many questions remain about mechanisms that control Arctic cyclones’ forma-

tion, spatial scale, and long lifetimes. Most studies have focused on the importance

of the upper troposphere, including tropospheric polar vortices, on the formation

and evolution of Arctic cyclones. Cyclonic tropospheric polar vortices or TPVs are

anomalously cold vortices at the tropopause with radii under 1500 km that gener-

ate positive potential vorticity anomalies. They form from stratospheric intrusions

of anomalously warm, dry air into anomalously cold, moist tropospheric air due to

diabatic heating in the form of absorption of longwave radiation. [11]. TPVs have

long lifetimes of up to a couple months long and are attributed to cyclogenesis and

cyclone longevity [12, 13, 14]. Around half of all Arctic cyclones are associated with

TPVs [15] including extreme cyclones such as the great summer 2012 Arctic cyclone

[16] and the summer 2016 Arctic cyclone [13, 17].

More recently, the role of the atmospheric boundary layer in summer Arctic cy-

clogenesis and evolution has been explored. The Arctic atmospheric boundary layer

(ABL) is weakly convective over sea ice [18], and low level baroclinic zones are mostly

confined to regions near coastlines. The main region of low-level baroclinicity is the

Arctic Frontal Zone between the coast of Eurasia and the Arctic Ocean [19, 20]. Dur-

ing the summer, the ocean near the coastline is ice-free creating a large temperature

gradien between the land and open ocean. This thermodynamically driven baroclin-

icity at the surface helps to intensify summer Arctic cyclones.

While the literature has described such surface-based sources of baroclinicity and
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the association with TPVs, the structure and evolution of summer Arctic cyclones is

still an open question. The first theoretical model of a summer Arctic cyclone, based

on two case studies, showcased an axisymmetric storm with a warm stratosphere and

cold troposphere resembling a larger TPV [17]. However, a composite of many Arctic

cyclones showed they are horizontally heterogeneous with a warm, moist eastern sector

and a cool, dry western sector with respect to the cyclone center [10]. In addition,

analysis using a potential vorticity approach found there can be lower-level dominated

cyclones as well as upper-troposphere dominated cyclones at the maximum growth

rate [21, 22]. The lower-level dominant cyclones are influenced by the ABL, are

driven by frictional generation of potential vorticity, and are typically warm core and

baroclinic systems. The upper-level dominant cyclones are typically associated with

TPVs and are cold-core and barotropic storms. The evolution of Arctic Cyclones

has also begun to be explored. A study using a storm centered and storm rotated

approach of 100 intense cyclones found the thermodynamic structure of summer Arctic

cyclones transitions from an asymmetric cyclone with distinct warm and cold sectors

before minimum sea level pressure to axisymmetric cold core storms after maturation

[23] as presented in [17]. They hypothesize that summer Arctic cyclones do not

fully undergo occlusion leading to an axisymmetric storm and longer lifetimes. More

recently, a study of over 9300 cyclones determined the structure of Arctic cyclones

during estimated cyclogenesis and cyclolysis to be asymmetric [24] similar to [10].

Global climate models have also been used to analyze Arctic cyclones. Under

historical forcing, global climate models are generally able to reproduce the location

and track density of Arctic cyclones but struggle to reproduce short-lived cyclones

and summer cyclones originating in the Arctic [25]. Under future projection scenarios,

summer Arctic cyclone activity is expected to increase in part due to the strengthening

of the Arctic frontal zone [20, 26]. However, these types of studies do not allow for
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case study analyses that can be compared to observations.

Our aim is to investigate the structure and evolution of Arctic cyclones during May

- September 2022 using atmosphere-only global climate model simulations nudged to

reanalysis at varying vertical thresholds. By constraining the model by different

amounts in each run, we are able to see model biases that are associated with the

boundary layer scheme and free-running in the troposphere. This will inform analyses

in future studies. In addition, atmosphere-only runs provide a baseline for comparing

the effects of sea ice in eventual fully-coupled runs.

In this study we aim to address the following questions:

1. Where and by how much must a model be constrained to produce a realistic

Arctic surface cyclone?

2. How does the structure of an Arctic cyclone change from maximum growth

rate to minimum sea level pressure?

3. Is warm core versus cold core a valid dichotomy?

In the next section (section 2), we describe the datasets including the reanalysis

used and the model runs and the methods including nudging and the cyclone tracking

algorithm. In section 3.1 we describe the model statistical comparison with reanalysis.

We examine an Arctic cyclone case study in section 3.2 and composites in section 3.3.

We discuss our findings in section 4 and conclude and suggest avenues for future work

in section 5.
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Chapter 2

DATA AND METHODS

2.1 Reanalysis Data

We used European Centre for Medium Range Weather Forecasts (ECMWF) fifth

generation reanalysis (ERA5) data [27] for model evaluation during the entire May

2022- September 2022 study period. ERA5 data was regrided the model 1° resolution

for comparison. Cyclone tracking, a cyclone-centered analysis of case studies, and

cyclone compositing are employed.

2.2 Model Simulations

We used the Community Earth Systems Model (CESM) version 2.2 [28] with the

ARCTIC [29] and Finite Volume (FV) [30] grids in atmosphere-only mode (sea ice

extent and sea surface temperatures were specified). The ARCTIC grid is built on

the spectral-element (SE) dynamical core, which utilizes a cubed sphere domain with

refined resolution in the Arctic. The finest resolution in the Arctic is about 27.8 km,

while the rest of the globe is 1°, or about 100 km. The FV grid is built on the finite

volume (FV) dynamical core, which utilizes a standard latitude longitude grid and 1°

resolution throughout the globe. We completed one experiment on the ARCTIC grid

and five on the finite volume grid. Setting up the ARCTIC grid with nudging and our

preliminary examination of its output was a major activity of this master’s project,

but the results will not be featured in this Thesis because the root mean squared

differences between CESM runs on ARCTIC and FV grids were small and ERA5 root

mean squared errors (RMSEs) were similar in magnitude. Hence, the FV grid proved
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to be sufficient for the objectives defined in the Introduction. In addition, the FV

runs were much less computationally expensive. We plan to explore the ARCTIC run

in more detail in the future.

We used historical forcing through 2022 that was an extension of the inputs used

for CESM in CMIP6 [28] provided by Adam Herrington (personal communication).

We use historical forcing instead of a climate projection used in previous studies (eg.

[31]) to better characterize the climate state during our study period. The tempera-

ture and horizontal winds were nudged to atmospheric reanalysis (ERA5) to permit

a case study analysis. Additionally, nudging in CESM has shown to better represent

the polar climate compared to relying on historical forcing in a large ensemble [31].

Nudging is performed by relaxing the model variables toward the target reanalysis

data using the following equation:

dx

dt
= F (x) + Fnudge,

Fnudge = α[O(t
′

next)− x(t)]/τ,

(2.1)

where α and τ are parameters that control the location and timescale of the nudging,

respectively. In our case, α was set to one inside our nudging window and set to zero

outside the nudging window. We used a nudging window of 30° N-90° N to constrain

the midlatitudes as well since more than half of all Arctic cyclones originate in the

midlatitudes [32].

The parameters used in each model experiment are in Table 2.1. The nudging level

refers to the lowest vertical level that is nudged out of 32 possible levels, where levels

are numbered starting at the top of the model. Frequency refers to the frequency of

the ERA5 data used. The nudging type describes whether the nudging target data

(O(t
′
next)) is interpolated linearly to the model time step or instead the target is fixed

for the frequency interval and then steps abruptly. For every experiment, the zonal

wind, meridional wind, and temperature were nudged.
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We ran experiment with a three-hourly target frequency to gauge if increased

target frequency was warranted, and decided the RMSE values were similar and small

enough in the 6 hourly run to keep the nudging frequency at 6 hours. The experiments

in bold will be the focus of the thesis. The model employs hybrid sigma levels. One

experiments nudges all vertical-levels, referred to as the full-atmosphere (FA) run.

Another nudges upward from the 25th vertical level (on average above 850 hPa),

referred to as the above the boundary layer (ABL) run. The final experiment nudges

upward from 17th vertical level run (above 300 hPa), referred to as the above the

troposphere (AT) run. By constraining the model by different amounts in each run,

we are able to see model biases that are associated with the boundary layer scheme

and the free-running troposphere. The current boundary layer scheme implemented

in CESM2.2 is the Cloud Layers Unified By Binormals (CLUBB) scheme, which is

a unified planetary boundary layer scheme that uses a double Gaussian assumed

PDF in conjunction with a higher-order closure method to parameterize turbulence,

shallow convection, and cloud macrophysics [33, 34]. This will inform analyses in

future studies.

Grid Variables Frequency Time period Nudging level/Type

ARCTIC SE U,V,T 6-hourly May-Sept 2022 All/next-step

FV U,V,T 6-hourly May-Sept 2022 All/next-step

FV U,V,T 3-hourly May 2022 All/next-step

FV U,V,T 6-hourly May-Sept 2022 All/linear

FV U,V,T 6-hourly May-Sept 2022 25/linear

FV U,V,T 6-hourly May-Sept 2022 17/linear

Table 2.1: Model Run Parameters
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2.3 Arctic Cyclone Tracking Algorithm

An Arctic Cyclone tracking algorithm was developed to track the location and mini-

mum sea level pressure of Arctic cyclones during the May 2022-September 2022 study

period. The algorithm defines the Arctic as > 65° N, but the algorithm starts tracking

storms at 60° N to account for midlatitude cyclone propagation. Geopotential heights

greater than 1500 m are masked from the search. The algorithm works by searching

for the minimum sea level pressure and finding the grid points within 1200 km of

that value. If the spatially averaged sea level pressure gradient of those grid points

is greater than 7.5 hPa per 1000 km and there are no masked values in the selected

grid points, a cyclone is identified. The specified pressure gradient follows the method

outlined in [35]. If the identified cyclone is within 600 km of an existing cyclone from

the previous time step (an hour before), it is considered the same cyclone. If not, it

is considered a separate cyclone. Once an area has been searched, the searched sea

level pressure values are masked out. Different methods (e.g., [36] and subsequent

papers) use 850 hPa relative vorticity maxima for cyclone identification, but we chose

minimum sea level pressure in part to gauge the surface cyclone response to nudging

the full-atomosphere, above the boundary layer only, and above the troposphere only.

The 1200 km radius is chosen to identify features characteristic of sizes expected to

be influenced by the boundary layer.

2.4 Tropospheric Polar Vortex Identification

The tropospheric polar vortices were identified using the methods outlined in [11].

The potential temperature is calculated on a 2PVU (PVU=1 × 10−6m2s−1Kkg−1)

surface (using [37]), and vortices are taken to be more than 2 standard deviations

below domain mean. We use Ertel’s potential vorticity in pressure coordinates, and

potential temperature is interpolated onto the 2PVU surface. Ertel’s potential vor-
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ticity equation is expressed as

Π =
1

ρ
ωa · ∇θ, (2.2)

where ρ is density, ωa is absolute vorticity, and θ is potential temperature.

2.5 Eady Growth Rate Calculation

The Eady growth rate is expressed as

EGR = 0.3098
|f ||∂u(z)

∂z
|

N
. (2.3)

The Eady growth rate (EGR) is a function of the Coriolis parameter f , the Brunt-

Väisälä frequency N = (g
θ
∂θ
∂z
)1/2, and the gradient of the zonal wind ∂u(z)

∂z
. We used

the methods outlined in [16, 38] to calculate the EGR at 500 hPa. The EGR at 500

hPa should be representative of the maximum baroclinicity of the storm because it is

influenced by both upper and lower levels [16, 39]. The EGR is calculated in pressure

coordinates by using the 400, 500, and 600 hPa levels. The maximum is considered to

be the maximum mean of 500 km around the cyclone center during cyclone evolution.

While one could use the relative vorticity to evaluate baroclinicity, the EGR takes

into consideration both wind shear and thermodynamic buoyancy providing a better

measure of baroclinicity.

2.6 Cyclone Centered Approach

Case studies allow for analysis of physical processes occurring during the evolution

of the cyclone. We picked a case study over the Arctic Ocean that had reached a

minimum sea level pressure under 975 hPa during its lifetime. For the cyclone case

study, points within a great circle distance of 1200 km of cyclone centers were mapped

with respect to standard cardinal direction. While some previous studies (eg. [23])

used a storm-rotated approach, our case studies indicated an east-west asymmetry
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that made most sense to use a cardinal direction approach similar to [10]. Horizontal

cross sections were interpolated in bins of 50 km by 50 km distance from the center

with the cyclone center coordinate at (0,0). Vertical cross sections were taken at the

y=0 line of distance from the cyclone center.

2.7 Cyclone Compositing

Summer cyclone anomaly fields were calculated using a running mean 10 days before

to 10 days after the time being composited. A running mean allows for an updated

background state of the environmental conditions around the time of cyclone passage.

Summer cyclones were composited during two life cycle stages. The first at the

maximum EGR, and the second at the minimum sea level pressure. While previous

studies have used fixed time intervals before and after the minimum sea level pressure,

by looking at the maximum growth rate, we can constrain the cyclones to the same

point in their life cycle as cyclone intensification rates can vary. At maximum EGR,

composites are separated into warm core and cold core cyclones. Warm core cyclones

are defined using the temperature anomalies at 850 hPa. If the inner 500 km around

the center of the cyclone is warmer than the outer ring between 500 km and 1200

km and the anomaly at the cyclone center is positive, the cyclone is classified as a

warm core cyclone. Otherwise, the cyclone is classified as a cold core cyclone. This

methodology tests the hypothesis that warm and cold core cyclones have different

structures without converting to phase space as in [21, 22].
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Chapter 3

RESULTS

3.1 ERA5 Statistical Comparison

Before utilizing the model runs to examine Arctic cyclones, we first compared the

output to ERA5 for the entire study period of May-September 2022. The hourly root

mean squared error (RMSE) compared to ERA5 for sea level pressure, skin surface

temperature, and 10 m wind speed are shown in Figure 3.1. RMSEs are computed

directly from the CESM and ERA5 output (i.e. not anomalies). The RMSEs are

higher for the ABL run for sea level pressure, skin surface temperature, and 10 m

wind speed, which is expected because the run was nudged at fewer levels and not in

the boundary layer. There is still decent agreement with ERA5 in the ABL run in

terms of sea level pressure and 10 m wind speed with most values under 3 hPa and 3

m/s respectively. However, there is a noticeable difference of over 5 K in skin surface

temperatures over land for both FA and ABL runs. This could be due to the different

land parameterizations as well as the grid resolution of ERA5 (originally 0.25°x0.25°)

and the model runs.

The hourly bias compared to ERA5 for sea level pressure, skin surface tempera-

ture, and 10 m wind speed are shown in Figure 3.2. The surface wind biases for both

FA and ABL and sea level pressure bias for FA are small with magnitudes under 2 m/s

and 2 hPa respectively. For the ABL run, there is a high sea level pressure bias over

the Arctic Ocean, North America, and western Russia with magnitudes upwards of 2

hPa (Figure 3.2d). There is a low pressure bias of similar magnitude over Greenland

and eastern Russia (Figure 3.2d). For skin surface temperature in both the FA and
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Figure 3.1: Root Mean Squared Error (RMSE) compared to ERA5 for the full-
atmosphere run (a-c) and the above the boundary layer run (d-f) of sea level pressure
(a,d), skin surface temperature (b,e), and 10 meter wind speed (c,f).

ABL runs, there is a high temperature bias of around 2 K over land and a cool bias

along the Arctic frontal zone (coastline) and over the Arctic Ocean. The cool bias is

much more pronounced in the ABL run (Figure 3.2e) with magnitudes upwards of 5

K. These larger biases in skin surface temperature could again be due to differences

in land paramterizations and grid resolutions between ERA5 and the model runs, but

should be considered in subsequent analysis.

Once we had taken note of the biases of the model runs compared to ERA5

over the study period, we ran the cyclone tracking algorithm on ERA5 regridded to

1° resolution and all three model runs. The frequency of cyclone center locations

in ERA5 and the FA and ABL runs are shown in Figure 3.3. The locations are

very similar between ERA5 and the FA run confirming the algorithm is working as
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Figure 3.2: Bias compared to ERA5 for the full-atmosphere run (a-c) and the above
the boundary layer run (d-f) of sea level pressure (a,d), skin surface temperature (b,e),
and 10 meter wind speed (c,f).

intended. The cyclone center locations for the ABL run are similar to ERA5 except

over the central Arctic Ocean (higher latitudes). Cyclones are more frequent in lower

latitudes with the highest frequencies north east of Iceland, eastern Canada, and

western Russia for ERA5 and both the FA, and ABL runs. The sea level pressures

for all ERA5 cyclone centers most frequently fall between 990 and 995 hPa with

the majority of cyclone centers between 985 and 995 hPa (Figure 3.4a). Sea level

pressures for the FA (Figure 3.4b) run and the ABL run (Figure 3.4c) cyclone centers

also most frequently fall between 990 and 995 hPa. However, there are fewer cyclone

centers with sea level pressures between 985 and 990 hPa and more cyclone centers

greater than 995 hPa in the ABL run. This could be due to the high pressure bias

in Figure 3.2d. The sea level pressure range for centers of greater than 965 hPa and
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Figure 3.3: Frequency of cyclone centers present in Arctic regions over the study
period of May-September 2022 for a) ERA5 b) the full-atmosphere run c) the above
the boundary layer run.

less than 1010 hPa is the same for ERA5 (Figure 3.4a) and the ABL run (Figure

3.4c). The FA run (Figure 3.4b) has a similar minimum range, but does not have

cyclone-center sea-level pressures above 1005 hPa. Small biases in surface variables

and cyclone center location and sea level pressure distribution suggest the model can

simulate the summer 2022 study period well enough to proceed with a realistic case

study and composite analysis.

3.2 Cyclone Case Study

The cyclone track and minimum sea level pressure time-series are shown in Figure 3.5

for ERA5 1° resolution and the FA, ABL, and AT runs. In ERA5 and all three model

runs, the cyclone forms over mountains in Russia, crosses the Arctic frontal zone,

and spends time in the Arctic ocean before dissipation (Figure 3.4a). The tracks for

ERA5 and the FA run are very similar in terms of starting location, ending location,

and track. The ABL run cyclone starts about 5° farther north, but overall follows a



15

Figure 3.4: Cyclone center sea level pressure distribution for a) ERA5, b) the full-
atmosphere run, and c) the above the boundary layer run during the study period of
May-September 2022

similar track for the remainder of the storm’s lifetime. The AT run cyclone starts west

of ERA5 and the other runs, but crosses the Arctic frontal zone in the same area. As

the cyclone in the AT run enters the Arctic ocean, it stays east of the other tracks and

doesn’t propagate as far north. This latitudional propagation bias in GCMs has been

noted in previous studies [25, 35, 26]. Nudging does improve this bias for the ABL

and FA runs. The ERA5 and the FA run have very similar sea level pressure time

series starting on 07/03/2022 at 994 hPa and reaching sea level pressures under 975

hPa on 07/06/2022 and 07/07/2022. There is a slight increase in sea level pressure of

4 hPa for the ERA5 cyclone and 3 hPa for the FA run cyclone on 07/06/2022 before

decreasing again to around 973 hPa. The ABL run cyclone starts after the ERA5 and

the FA run cyclones on 07/03/2022 at around 992 hPa and reaches sea level pressures

under 970 hPa on both 07/06/2022 and 07/07/2022. There is no increase in sea level
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Figure 3.5: a) Cyclone track for ERA5 1° (gray), the full-atmosphere run (blue), the
above the boundary layer run (orange), the above the troposphere run (green). The
start of the tracks is marked by an x. b) Time series of minimum sea level pressure
over the cyclone lifetime for ERA5 1° (gray), the full-atmosphere run (blue), the above
the boundary layer run (orange), the above the troposphere run (green).

pressure on 07/06/2022 as in ERA5 and the FA run. The AT run cyclone starts

earlier than the rest during the night of 07/01/2022 and ends earlier by about 2 days.

The AT cyclone has the shallowest minimum sea level pressure of the 3 model runs

at 975 hPa.

The cyclone case study was further analyzed in the context of the two sources of

baroclinicity. The first being the crossing of the Arctic frontal zone, and the second

being the interaction with a TPV. Maps of potential temperature on the 2 PVU

surface at 21:00 on 07/04/2022 are shown in Figure 3.6a for the FA run and 3.6b for

the ABL run. The map of potential temperature on the 2 PVU surface at 09:00 on

07/04/2022 is shown in 3.6c for the AT run. For all runs, the cyclone center is just

past the coastline indicating the cyclone is crossing the Arctic frontal zone. There is

not a TPV near the cyclone yet in either run, but a TPV is present near the pole.

The TPV is characterized by potential temperature under 290 K in a small region

above 85° N and north of Russia. A time series of the 500 hPa EGR is shown in
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Figure 3.6: a) and b) Maps of potential temperature on the 2PVU surface at 21:00
on 07/04/2022 for the full atmosphere run (a) and the above the boundary layer run
(b). c) Map of potential temperature on the 2PVU surface at 09:00 on 07/04/2022
for the above troposphere run. The black contours are sea level pressure and the cyan
x marks the cyclone center. The red x marks the location of the TPV. d) A time
series of Eady growth rate at 500 hPa for the cyclone.

Figure3.6d. As the cyclone crosses the Arctic frontal zone in all three runs, the 500

hPa EGR peaks. The EGR peaks at just under 3 day−1 for the FA run and just above

2.75 day−1 for the ABL run, and just under 2.75 day−1 for the AT run. This indicates

the maximum generation of baroclinicity was driven by the crossing of the Arctic

frontal zone for this cyclone. By 21:00 on 07/06/2022, a TPV had interacted with

the cyclone in all three runs, which is evident in Figure 3.7. The cyclone centers for

the FA (Figure 3.7a) and ABL (Figure 3.7b) runs have propagated further from the

coastline and have interacted with the TPV that was also present in Figure 3.6a,b.

For the AT run, the cyclone and TPV are farther south and the sea level pressure
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Figure 3.7: Maps of potential temperature on the 2PVU surface at 21:00 on
07/06/2022 for the full atmosphere run (a), the above the boundary layer run (b),
and the above the troposphere run (c). This figure is formatted similarly to Figure
3.6a,b. The black contours are sea level pressure and the cyan x marks the cyclone
center. The red x marks the location of the TPV.

gradient is not as large (Figure 3.7c).

3.2.1 Thermodynamic Evolution

Using a storm centered approach, we explored the thermodynamic evolution in terms

of 850 hPa temperature and total precipitable water from maximum sea level pressure

to storm maturation (minimum sea level pressure for the ABL run). To keep the

timing across all analyses, we used the maximum EGR for the FA and ABL runs.

During this time, the EGR is still relatively large for the AT run. At maximum

EGR, or 21:00 on 07/04/2022, ERA5 and all three model runs have very warm 850

hPa temperatures above 285K in the southern part of the storm (Figure 3.8a-d). In

addition there is moisture associated with the warm sector with total precipitable

water values above 30 kg/m2 in ERA5 (Figure 3.8e) and above 40 kg/m2 in the

model runs (Figure 3.8f-h). As the models are less and less constrained by nudging,
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Figure 3.8: 850 hPa temperature (a-d) and total precipitable water (e-h) for ERA5
(a,e), the full-atmosphere run (b,f), the above the boundary layer run (c,g), and the
above the troposphere run (d,h) at 21:00 on 07/04/2022. This is a storm centered
approach where coordinate 0,0 is the center of the storm. Cardinal North is upwards.

the amount of moisture increases in this storm with values greater than 45 kg/m2 in

both ABL (Figure 3.8g) and AT (Figure 3.8h) runs. The warm, moist nature of the

cyclone indicates it is a warm core storm at maximum EGR. At 21:00 on 07/05/2022,

24 hours later, the 850 hPa temperatures have decreased overall with the coldest

temperatures north west of center in ERA5 and all model runs (Figure 3.9a-d). This

cold sector has temperatures around 268 K for ERA5 and the FA run, 265 K for the

ABL run, and 265 K for the AT run. The cold sector is largest in the ABL run and

smallest in the FA run. The warm sector values are above 275 K in ERA5 and all

model runs. As cold air intrudes, the cyclone has an east-west asymmetry seen in [10],

and the cyclone gets drier. The maximum total precipitable water values are all under

30 kg/m2 and values largely under 10 kg/m2 corresponding to the cold sectors. The
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Figure 3.9: As in 3.8 for 21:00 on 07/05/2022.

AT run is not co-located (farther south) and is nudged less, which might contribute

to the difference in temperature and moisture profiles. At 21:00 on 07/06/2022, the

cold sector has occluded the warm sector from the center of the storm in ERA5, the

FA run, and the ABL run (Figure 3.10). Magnitudes of those cold sectors are slightly

lower than in Figure 3.9 with a larger swath of temperatures under 265K. Because the

cyclone centers are relatively close to the pole,the area north of the cyclone centers is

reduced in Figure 3.13a-c. The AT run does not have occlusion to the same degree,

which could be due to the location of the cyclone and the delayed interaction with the

TPV (we will elaborate in 3.2.2). The cold core cyclone in ERA5, the FA run, and

the ABL run is also very dry in the storm center with values largely under 10 kg/m2.

The AT run has a similar dry sector in magnitude corresponding the cold sector. A

cold core cyclone at maturation is consistent with previous studies [17, 22, 23].
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Figure 3.10: As in 3.8 for 21:00 on 07/06/2022. Since cardinal North is upwards, as
the cyclone gets closer to the pole, the distance from the center of the cyclone to the
pole is less than 1200 km.

3.2.2 Dynamic Evolution

In addition to the thermodynamic evolution of the cyclone, we examined the dynamic

evolution in terms of the 10 m wind speed, sea level pressure, and 500 hPa vertical

velocity. At 21:00 on 07/04/2022 or maximum EGR, the sea level pressure minimums

(greater than 985 hPa) are not very low compared to the minimum sea level pressures

reached over the evolution of the cyclone (Figure 3.11a-d). The cyclone sea level

pressure contours are asymmetric in ERA5 and all model runs with lower pressures

extending farther south. The 10 m wind speeds are relatively weak for ERA5 and

the FA run with maximums just over 10 m/s. The ABL and AT runs have higher

maximum wind speeds of around 13 m/s. The 500 hPa vertical velocity shows updrafts

related to warm sector in Figure 3.11e-g. The updrafts are strongest in ERA5 with
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Figure 3.11: 10 m wind speed with sea level pressure contours (a-d) and 500 hPa verti-
cal velocity (e-h) for ERA5 (a,e), the full-atmosphere run (b,f), the above the bound-
ary layer run (c,g), and the above the troposphere run (d,h) at 21:00 on 07/04/2022.
The vertical velocity is in pressure units, so negative values indicate upward motion.

values of -30 hPa/hour. The updrafts are weaker in the FA and ABL runs by about 10

hPa/hour. The AT run has a very strong updraft over the warm sector, which could be

because of the difference in vertical structure. This will be further explored in section

3.2.3. The updrafts could be enhanced by crossing the Arctic frontal zone because the

surface low is strengthened with the strengthening of the surface pressure gradient. In

addition, surface friction in the boundary layer enhances surface convergence, which

is especially important in lower-level dominated storms.The downdrafts in the south

western region could be related to a cold front ahead of the cold air intrusion. At 21:00

on 07/05/2022, the surface cyclone is deeper with sea level pressures under 980 hPa,

contours closer together, and higher 10 m wind speeds over 15 m/s (Figure 3.12a-d).

The cyclone is more axisymmetric in all panels, and the wind speeds are higher in
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Figure 3.12: As in 3.11 for 21:00 on 07/05/2022.

the ABL and AT runs than ERA5. The 500 hPa vertical velocity showcases the TPV

interaction in ERA5, and the FA and ABL runs with the high values of -30 hPa/hour

north west of storm center(Figure 3.12e-g). The AT run is not co-located with the

TPV yet (Figure 3.12h). At maturation or, 21:00 on 07/06/2022, the 10 m winds

are axisymetric for ERA5 and the FA and ABL runs (Figure 3.13a-c). The surface

cyclone is deeper for the ABL run than ERA5, and the ABL run has the highest

wind speeds of around 20 m/s. The updrafts and downdrafts are not as strong at

maturation (Figure 3.13e-h). An axisymmetric storm is in-line with the cyclone being

a cold core cyclone.

3.2.3 Vertical Cross-sections

We analyzed vertical cross-sections to investigate the 3-D evolution of the cyclone.

The cross-sections are west to east cross-sections at the y=0 line in Figures 3.11
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Figure 3.13: As in 3.11 for 21:00 on 07/06/2022.

and 3.13. The meridional wind speed (southerly wind positive) at 07/04/2022, or

maximum EGR, is shown in Figure 3.14. The gray contours are potential temperature,

the solid black contour is the dynamic tropopause (2PVU surface), and the dotted

black line is the PBL height. In ERA5 and all three model simulations, the cyclonic

circulation is baroclinic (titled with height), though it does not extend throughout

the profile. Instead, it is mostly confined to the lower levels. The largest portion of

the cyclonic rotation (northerly on the left and southerly winds on the right) is from

the surface to 6 km above mean sea level for ERA5 and the FA and ABL model runs.

The baroclinic cyclonic circulation in the AT run does not extend above 4 km. Thus,

the circulation is most strongly influenced by lower levels, or more specifically, the

crossing of the Arctic frontal zone. The dynamic tropopause is relatively high, which

is expected since there is no TPV present. The lower level wind speeds are higher

in ERA5 and the AT run, which would correspond with the higher 500 hPa vertical
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Figure 3.14: West to East cross-sections of meridional wind speed for a) ERA5, b)
the full-atmosphere run, c) the above the boundary layer run, and d) the above the
troposphere run at 21:00 on 07/04/2022. The gray contours are potential temperature
in K. The black line is the dynamic tropopause at the 2PVU surface, and the black
dotted line is the planetary boundary layer height.

velocities in Figure 3.11. The vertical wind structure in the AT run is different with

northerly meridional wind speeds at the center of the cyclone and extending upward

for 2 km, so the circulation is more centered at the location of the warm sector.

Thus, leading to larger updrafts. At 21:00 on 07/06/2022, once the cyclone had

interacted with a TPV, the meridional wind speeds are much stronger (Figure 3.15).

The maximum meridional wind speed magnitudes are doubled at 40 m/s compared

to 20 m/s at maximum EGR. The highest wind speeds are also located at the mid

and high levels instead of near the surface. The dynamic tropopause has lowered by

at least 4 km, the boundary layer height has increased (more so in ERA5), and tight
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Figure 3.15: As in 3.14 for 21:00 on 07/06/2022.

potential temperature contours are intruding from the stratosphere. The cyclone in

ERA5 and all model runs is a very well defined nearly axisymmetric, barotropic storm

similar to previous studies [17].

3.3 Composites

While cases studies are important to discern physical processes affecting cyclone struc-

ture and evolution, they may not be representative of most cyclones. Here, we inves-

tigate the composite structure of the 850 hPa temperature in Figure 3.16 and 10 m

wind speed in Figure 3.17. Warm core and cold core cyclones had distinct thermody-

namic structures at maximum EGR in both the FA and ABL runs. The warm core

storms had positive anomalies in the center and south east quadrant of the cyclone

and negative anomalies elsewhere. The cold core storms had cold anomalies in the
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Figure 3.16: 850 hPa temperature anomalies for the full-atmosphere run (a-c) and the
above the boundary layer run (d-f) for warm core storms at maximum Eady growth
rate (a,d), cold core storms at maximum Eady growth rate (b,e), and all storms at
minimum sea level pressure (c,f).

center and the south western section of the storm and positive anomalies elsewhere.

The anomalies were larger in the ABL run with magnitudes upwards of 4 K. In both

model runs, there were more warm core storms than cold core storms. When all

storms are combined at minimum sea level pressure, there is a cold anomaly on the

western side and a warm anomaly on the eastern side similar to the findings in [10].

Again, the anomalies are larger in the ABL run. In terms of the surface wind anoma-

lies, the winds are stronger in the warm sector for warm core storms and in the cold

sector for cold core storms in both model runs (Figure 3.17a,b,d,e). The 10 m wind

speed anomalies are 2 m/s larger and more asymmetric for the ABL run at maximum

EGR. All storms at minimum sea level pressure have more axisymetric winds around
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Figure 3.17: 10 m wind speed anomalies for the full-atmosphere run (a-c) and the
above the boundary layer run (d-f) for warm core storms at maximum Eady growth
rate (a,d), cold core storms at maximum Eady growth rate (b,e), and all storms at
minimum sea level pressure (c,f).

the cyclone center indicative of a mature summer Arctic cyclone.
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Chapter 4

DISCUSSION

Despite recent progress on the topic, the structure and evolution of summer Arc-

tic cyclones has not fully been determined. The first model of an Arctic cyclone

presented in [17] showcased an axisymmetric storm with a warm stratosphere and

cold troposphere that is 5000 km in size. However, an analysis of multiple cyclones

revealed an asymmetric thermodynamic structure with cold, dry air to the west and

warm dry air to the east [10]. The authors in [10] did not take into consideration

cyclone life cycle. Studies that have examined the evolution of Arctic cyclones have

shown that Arctic cyclones can be baroclinic and barotropic in nature depending on

the stage of evolution and the main source of vorticity [15, 21, 23, 22].

Our study found that utilizing a nudging technique, atmosphere-only simulations

in CESM were able to reproduce cyclone location (Figure 3.3) and sea level pressures

(Figure 3.4) found in ERA5 over the course of the study period and a cyclone case

study examined in section 3.2. All model simulations had the same cyclone intensify

over the Arctic frontal zone with a warm core at maximum EGR and interact with a

TPV before maturation. The FA and ABL runs had a cold core at minimum sea level

pressure. This evolution from warm core to cold core is consistent with case studies

that intensify over the Arctic frontal zone without a TPV initially present [21, 22]. The

500 hPa vertical velocities and meridional wind profiles show the storm intensification

with TPV interaction in ERA5 and the FA and ABL runs. In addition, the cyclone

in ERA5 and all three model runs exhibited the transition from a baroclinic storm

before TPV interaction to a barotropic storm after TPV interaction. This supports
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the hypothesis that the vertical structure of the Arctic cyclone is determined by the

main source of vorticity. A composite analysis in section 3.3 showed warm core and

cold core cyclones had distinct thermodynamic and dynamic structures at maximum

EGR, but combining all cyclones led to a east/west thermal asymmetry as noted in

[10, 24]. However, this might not be entirely representative of cyclone structure given

the physical processes that govern cold core and warm core cyclones are different.

By understanding that surface generation of baroclincity near the Arctic frontal zone

governs many warm core storms and TPVs are generally associated with cold core

storms, it would be important to analyze them separately. Although, the definition of

warm core versus cold core used in this study is quite simplistic, and the separation is

not always clear. This is why certain points that are important to cyclone evolution

such as maximum EGR and minimum sea level pressure are used in this study.

Further analyzing model bias, the intensity of the surface winds and moisture

profile are greater in the ABL and AT runs than ERA5, and the planetary boundary

layer height (PBLH) and tropopause height are different in ERA5 compared to CESM.

The differences in planetary boundary layer height and surface variables are most

likely due to the different boundary layer schemes as CLUBB is a statistical scheme

and struggles with deep convection. The specific humidity was not nudged in this

study, so the difference in total precipitable water is also due to the difference in

micro-physics schemes. An important next step would be to compare to observations,

as ERA5 has its own biases.
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Chapter 5

CONCLUSIONS AND FUTURE WORK

In this study, we investigated the structure and evolution of Summer 2022 Arctic

cyclones using CESM atmosphere-only simulations nudged to ERA5. We focused

on three model experiments, full-atmosphere (FA), above the boundary layer only

(ABL), and above the troposphere only (AT) to explore model biases compared to

ERA5. We found the FA and ABL runs compared reasonably well to ERA5 in surface

RMSE and bias, cyclone location, and cyclone minimum sea level pressure. Through

a case study analysis, we focused on a warm core storm that was enhanced by the

Arctic frontal zone interacted with a TPV before maturation in ERA5 and all model

runs. The cyclone went from a warm core storm at maximum EGR to a cold core

storm at maturation in ERA5 and the FA and ABL model runs. A warm core storm

and lower-level dominant storm indicates boundary layer processes were important in

the storm’s development and evolution. Nudging only above the boundary layer, and

to an extent nudging only above the troposphere, was able to capture this process.

However, sea surface temperatures and sea ice extent were held constant, so the Arctic

frontal zone’s baroclinicity strength should be similar in all model runs. Since nudging

above the troposphere produced a cyclone in the same region that also interacted with

a TPV, it indicates that the upper-levels are still a significant source of baroclinicity

and a main driver of cyclogensis. In a fully-coupled run, the constrain on the upper

circulation might not be enough without the constraint on SSTs and sec ice extent.

Through a composite analysis, we found that the warm core and cold core cyclones at

maximum EGR have distinct 850 hPa temperature and 10 m wind speed anomalies,
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but combining cyclones at minimum sea level pressure led to similar composites in

previous literature. The high biases in moisture and wind speeds in the ABL and AT

runs are largely do to the different boundary layer and cloud physics parameterizations

in ERA5 and CESM, so observational comparison is warranted to contextualize these

results.

There are many future directions we can take this study. The first is to increase

the sample size of the case studies and cyclones in our composites and compare our

findings to observations in the area as ERA5 has its own model biases. The second is

to explore the nudged ARCTIC grid simulation for the same study period to determine

if grid resolution had an impact on our findings. Additionally, we would like to explore

the effects of removing the TPV in the nudging dataset for our case study. Eventually,

we would like to investigate the impacts of perturbing the model such as fully-coupling

the model and improving the boundary layer parameterization on the structure and

evolution of summer Arctic cyclones.
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