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EPIGRAPH

“Look again at that dot. That's here. That's home. That's us. On it everyone you love, everyone
you know, everyone you ever heard of, every human being who ever was, lived out their lives.
The aggregate of our joy and suffering, thousands of confident religions, ideologies, and
economic doctrines, every hunter and forager, every hero and coward, every creator and
destroyer of civilization, every king and peasant, every young couple in love, every mother and
father, hopeful child, inventor and explorer, every teacher of morals, every corrupt politician,
every "superstar," every "supreme leader," every saint and sinner in the history of our species
lived there — on a mote of dust suspended in a sunbeam.”

Carl Sagan

b

“All things must pass.’

George Harrison

b

“Once there was a tree...’

Shel Silverstein
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ABSTRACT OF THE DISSERTATION

Mesoscale Dynamics of Atmospheric Rivers

by
Reuben Demirdjian
Doctor of Philosophy in Oceanography
University of California, San Diego, 2020
Dr. F. Martin Ralph, Chair

Professor Joel Norris, Co-Chair

Atmospheric rivers (AR) have been found to substantially contribute to the annual
precipitation in many mid-latitude regions, but while their synoptic scale dynamics have been
studied for a century (through extratropical cyclone research), the mesoscale dynamics are less
understood and present forecasting challenges. In this dissertation we focus on i) the pre-cold-
frontal low-level jet (LLJ), ii) moisture effects on the orographic and dynamic precipitation

components, and iii) physical processes associated with AR initial condition sensitivity.

An analysis using dropsonde observations from 24 cross-AR transects found that the LLJ
is strongly supergeostrophic with about 20% of the wind being ageostrophic. The ERAS reanalysis

product is used to investigate the ageostrophic forcing mechanism finding that the pressure
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tendency term serves to accelerate the ageostrophic jet, and the Coriolis torque and advective
tendency terms serve to propagate the LLJ. Therefore, to accurately simulate an LLJ, a model

must adequately resolve the pressure tendencies along the cold front.

Next, an analysis of a strong landfalling AR is presented comparing the evolution of a
control simulation with an optimally perturbed simulation using the moist adjoint tool from the
Coupled Ocean/Atmosphere Mesoscale Prediction System. The perturbed simulation shows a
strengthened role of the orographic and dynamic components of the precipitation both resulting
from enhanced latent heating effects by which: i) a stronger diabatically driven low-level potential
vorticity anomaly strengthens the water vapor transport and thereby the orographic precipitation,
and ii) a greater moist diabatic forcing enhances the transverse circulation thereby increasing

ascent and the dynamic precipitation.

An idealized two-dimensional moist frontogenesis model is then used to quantify the
transverse circulation response to varying amplitudes of optimal moisture perturbations
demonstrating that small changes in moisture leads to comparatively larger changes in the frontal
ascent. This non-linear growth is due to a feedback process in the transverse circulation by which
small changes in moisture cause greater latent heating which ultimately lead to a strengthened

transverse circulation and the cycle repeats.

The research presented in this dissertation improves the understanding of AR mesoscale
dynamics through investigation of LLJs, effects of moisture perturbations, and by identifying an

important feedback process.

XVii



Introduction

The forecast skill of a numerical weather prediction model depends, in part, upon the
accuracy of the initialization fields. It has long been understood that small errors in the initial
conditions can grow rapidly due to the chaotic nature of the atmosphere (Lorenz 1969). Since the
atmosphere is generally under-sampled, one might postulate that the inclusion of any additional
observations to the model initialization will lead to a gain in forecast skill (Majumdar 2016).
However, not all observations made will provide equal impact to the forecast since the influence
of a particular observation will depend upon the degree of activity of the region being sampled
(Gray et al. 1991). The inhomogeneity of the observational impacts should thereby be leveraged
to improve forecast skill such that the most critical regions of a weather system are always
sampled. To accomplish this requires an understanding of the leading physical processes for the
particular system under consideration. In this thesis, | investigate some of the major physical
processes associated with atmospheric rivers (AR) including the pre-cold frontal low-level jet, the
upper level jet/front transverse circulation, and the sensitivity of moisture to the forecast evolution.

The contributions of this thesis further the community’s dynamical understanding of ARs.

The predictability of ARs is vitally important for the management of water resources in
California since it is a densely populated region and highly dependent on the arrival, or lack
thereof, of just a handful of precipitation events per year (Dettinger 2013; Ralph et al. 2013;
Dettinger and Cayan 2014; Ralph 2017; Lamijiri et al. 2017, 2018). The pre-cold-frontal low-level
jet (LLJ) is a key feature associated with ARs found ahead of the cold front in an extratropical
cyclone (Ralph et al. 2005, 2017; Neiman et al. 2008; Guan et al. 2015; Dettinger et al. 2011, 2013;
Lavers et al. 2011; Moore et al. 2012; Rutz et al. 2014; American Meteorological Society 2017).
The LLJ typically exhibits a moist neutral stratification, modest vertical wind shear, and a mean
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wind speed maximum of approximately 30 m s at 1 km elevation (Browning and Pardoe 1973;
Ralph et al. 2005; Kingsmill et al. 2013). A landfalling AR with an embedded LLJ can produce
copious precipitation from even modest orographic lift (~250 m), as often seen in the winter season
for the West Coast of the U.S, because they are regions of large water vapor content with very
little vertical displacement required for saturation (Ralph et al. 2005, 2006; Dettinger et al. 2011;
Kingsmill et al. 2013; Valenzuela and Kingsmill 2015). Despite the LLIJ’s apparent simplicity,
even early investigations determined that there was a thermal wind imbalance indicating that there
is an ageostrophic component of the along-frontal flow (Orlanski and Ross 1977; Uccellini and
Johnson 1979; Brill et al. 1985; Thorpe and Clough 1991; Dudhia 1993; Chen et al. 1994;
Wakimoto and Murphey 2008; Winters and Martin 2014). However, there is not a clear consensus
among these studies regarding the underlying dynamical cause of this ageostrophic component,
which is possibly due to the small sample size investigated in each study. This thesis includes more
cases of LLJs than all of the cited works combined and uses the increased sample size to
characterize the LLJ ageostrophy, evaluate model representation of the ageostrophy against

observations, and investigate the ageostrophic dynamics.

While it is established that model initial condition errors will grow within a forecast, the
range of downstream impacts will depend upon how it projects onto the fastest growing
perturbations (e.g., Reynolds et al. 2001, 2019; Doyle et al. 2014). Atmospheric instabilities are
the vehicles through which small errors in the initial state may grow rapidly, thereby contributing
towards forecast errors. Aircraft reconnaissance is often utilized to reduce the initial condition
errors during impactful weather phenomena by collecting in-situ observations of critical regions
where there may otherwise be gaps in the observing systems (Shoemaker et al. 1990; Gray et al.

1991; Martin and Gray 1993; Majumdar 2016; Ralph et al. 2020). However, the optimal sampling



locations providing the greatest improvement to the forecast are often not obvious. This obstacle
is overcome through both forecaster intuition and objective tools like a moist adjoint which
produces initial condition sensitivity patterns for a given response function. The latter, however,
can be a black box in which distributions of sensitivities are produced without a dynamical
explanation for why they were produced. This thesis focuses, in part, on improving the dynamical
understanding of how perturbations identified using an adjoint technique grow rapidly and impact

AR forecasts.



Chapter 1: Dropsonde Observations of the Ageostrophy within the Pre-Cold-

Frontal Low-Level Jet Associated with Atmospheric Rivers

Abstract

The pre-cold-frontal low-level jet (LLJ) is an important contributor for water vapor
transport within atmospheric rivers, though its dynamics are not completely understood. The
present study investigates the LLJ using dropsonde observations from 24 cross-atmospheric river
transects taken during the CalWater-2014, 2015 and the AR-Recon 2016, 2018 field campaigns.
It is found that the LLJ, located at ~1 km elevation ahead of the cold front, has an average
maximum wind speed of 30 m s and is strongly supergeostrophic with an average ageostrophic
component of 6 m s. The along-front ageostrophy occurs within the atmospheric layer (750 —

1250 m) known to strongly control orographic precipitation associated with atmospheric rivers.

The ERAGS reanalysis product is used to both validate the observed geostrophic winds and
investigate the supergeostrophic jet dynamics. The comparison demonstrates that there is no
systematic bias in the observed geostrophic wind but that the ERA5 LLJ total wind field is
generally biased low by an amount consistent with the observed ageostrophy. One of the few cases
in which the ERA5 produces an ageostrophic LLJ occurs on 13 February 2016, which is used to
investigate the ageostrophic forcing mechanism. This analysis demonstrates that the isallobaric
(pressure tendency) term serves to accelerate the ageostrophic jet, and the Coriolis torque and
advective tendency terms serve to propagate the jet normal to the LLJ. Therefore, if a model is to
accurately represent the LLJ, it must adequately resolve processes contributing towards the

pressure tendencies along the cold front.



1.1 Introduction

The pre-cold-frontal low-level jet (LLJ) is a key feature associated with atmospheric rivers
(ARs) found ahead of the cold front in an extratropical cyclone (Ralph et al. 2005, 2017; Neiman
et al. 2008; Guan et al. 2015; Dettinger et al. 2011, 2013; Lavers et al. 2011; Moore et al. 2012;
Rutz et al. 2014; American Meteorological Society 2017). The LLJ typically exhibits a moist
neutral stratification, modest vertical wind shear, and a mean wind speed maximum of
approximately 30 ms™ at 1 km elevation (Browning and Pardoe 1973; Ralph et al. 2005; Kingsmill
et al. 2013). A landfalling AR with an embedded LLJ can produce copious precipitation from even
modest orographic lift (~250 m), as often seen in the winter season for the West Coast of the U.S,
because they are regions of large water vapor content with very little vertical displacement required
for saturation (Ralph et al. 2005, 2006; Dettinger et al. 2011; Kingsmill et al. 2013; Valenzuela
and Kingsmill 2015). The LLJ substantially contributes to the total moisture transport at an
elevation of 750 m to 1250 m, dubbed the controlling layer (Neiman et al. 2002, 2009), which is
found to be highly correlated with U.S West Coast orographic precipitation. Despite its clear
relevance, Martin et al. (2018) found a low bias in the LLJs water vapor transport for both the

WRF and GEFS reforecasts models compared with flight dropsondes.

The earliest investigations which recognized the ageostrophy associated with the LLJ came
from analyses of the thermal wind imbalance, the difference between the thermal wind shear and
the actual wind shear, across cold fronts. Orlanski and Ross (1977) performed a 2-dimensional dry
idealized numerical study to investigate the degree of geostrophic balance in the cold frontal region
and found an imbalance within a narrow region ahead of the cold front. They attributed the thermal
wind imbalance to the circulation arising from the symmetric instability which “advects [along

front] momentum and potential temperature at different rates, thereby producing a geostrophic



imbalance.” Thorpe and Clough (1991) verified this in observations by performing the same
calculation on dropsonde transects across several LLJs. Moreover, they found that a strong
mesoscale thermal wind imbalance occurred ahead of the cold front while outside of that region
conditions were largely in a state of thermal wind balance. The dynamical interpretations were
limited in these two studies, however, because the former was a dry idealized 2D simulation and

the latter was based on observations that are instantaneous snapshots of the circulations.

Diagnostic studies of the evolving transverse circulation associated with the upper level jet
streak were later performed by Uccellini and Johnson (1979) and Brill et al. (1985). Both
performed case study simulations to diagnose the low-level wind field resulting from the
propagating upper level jet streak using a framework based on mass and momentum adjustment.
They each found linkages between the upper level and lower level flow with the isallobaric wind
driving the ageostrophy within the LLJ. Winters and Martin (2014) performed a similar but more
quantitative analysis by calculating the ageostrophic transverse winds using the Sawyer-Eliassen
equation and found that the contribution of the LLJ to the moisture flux had a substantial impact

on the 2010 Nashville flooding event.

A similar but different framework to determine the contributing mechanisms driving the
ageostrophic LLJ can be made by rearranging the expression for horizontal momentum and then
solving for the ageostrophic wind tendency. The resulting three forcing terms are associated with
momentum advection, Coriolis torque of the ageostrophic wind, and isallobaric component.
Dudhia (1993) simulated a real event that resolved the ageostrophy of the LLJ and speculated that
it resulted from the Coriolis torque on the thermally direct cross frontal flow. Chen et al. (1994)
performed a diagnostic case study analysis of an LLJ using a combination of soundings and

analysis data. They found that the isallobaric term dominated the momentum advection term,



though their formulation of the momentum equations did not include the Coriolis torque of the
ageostrophic winds. Notably, however, they ruled out the vertical mixing of momentum as a
mechanism within their LLJ. Wakimoto and Murphey (2008) utilized flight dropsonde transect
observations across an LLJ combined with a scaling argument to assert that the along-frontal
ageostrophy is a result of the isallobaric wind component associated with the propagation of a
cyclone. The differing dynamical mechanisms accounted for in these studies indicate that there are
either several different processes leading to the production of the ageostrophy in an LLJ or that

some of the analyses are insufficient in some regard.

While the studies mentioned above discuss the ageostrophy of the LLJ, they all do so
only for a small number of very intense cases. Consequently, the general characteristics of this
feature are not well documented in the literature, such as its average contribution to the total wind
strength. Moreover, it is not known whether ageostrophy is present among a variety of LLJs or
only in the most intense ones. From a predictability perspective, it is important to understand the
dynamical origins of the ageostrophy because it contributes a substantial fraction of the water
vapor transport that is the forcing mechanism for orographic precipitation. Therefore, the accuracy
of a precipitation forecast depends at least partially upon the model resolving the ageostrophic
component of the transport. Furthermore, none of the existing studies evaluate a model
representation of the LLJ ageostrophy against direct observations.

To address these issues, this study i) introduces a comprehensive observational approach
to many more cases than have been examined in previous studies, ii) includes cases of varying LLJ
intensity, iii) compares the observations to the new ERAS reanalysis to check for systematic biases,
and iv) investigates the ageostrophic dynamics in a case study. The model validation of the

ageostrophy is an important step forward because it can identify any systematic biases in LLJ



wind that may be present in the reanalysis. This study is partitioned in the following way. Section
1.2 describes the data and methods, Section 1.3 discusses the observed ageostrophic component of
the LLJ and its validation with the ERAS reanalysis product, Section 1.4 presents a case study of
the forcing dynamics associated with the ageostrophic component, and Section 1.5 contains the

conclusions and discussion.

1.2 Data and Methods

a. Dropsondes
The primary dataset used in this study is a collection of 1239 aircraft dropsonde profiles of
which 325 met our criteria from 24 flight transects through 15 different ARs obtained during
intensive observing periods (IOPs) conducted in the Northeastern Pacific over a five-year period
(Table 1). These I0OPs and their aircraft include the NOAA G-1V for CalWater 2014-2015 and two
C-130s from the U.S. Air Force 53" Weather Reconnaissance Squadron for AR-Recon 2016
(Ralph et al. 2016, 2017; Cordeira et al. 2017), and two Air Force C-130s and the NOAA G-IV
for AR-Recon 2018. The dropsondes measured wind, relative humidity, temperature, and pressure
with uncertainties of 1.5 m s, 2%, 0.2°K, and 0.4 hPa respectively (Vaisala RD94 data sheet and
personal communications with Vaisala Engineer Frank DaFina). The dropsondes were released
from an elevation between 8 — 10 km and each transect took about one hour, depending on the

length of the transect, with an average of 7 minutes between dropsondes.

The case list of the LLJs was selected based on the following criteria: i) a low-level wind
speed maximum must be present at or below 1500 m, the maximum observed height of an LLJ, ii)
a cold front (identified through examination of the potential temperature transects) must be present

in the transect to ensure a pre-cold frontal type LLJ, iii) each transect must have at least two



dropsondes on both sides of the LLJ center, defined by the maximum in wind speed, so that
centered finite differencing can be used, iv) the latitude of the LLJ must be greater than 20°N to
exclude tropical events, and v) transects occurring on the same flight day must meet a case
independence criterion to prevent unequal weighting of similar transects. Criterion (v) was
enforced by comparing the RMSE of wind speed from the relevant transect with respect to all other
transects which met criteria (i) — (iv), and transects from the same day were determined to be
independent if the RMSE of same-day transects was greater than the minimum RMSE with respect
to all other transects. Informally speaking, this means that two transects taken on the same day are
objectively determined to have greater differences in comparison to transects taken across

completely different ARs.

Once the case list was compiled, processing of the dropsondes was done in four stages. In
the first stage, NCAR’s Atmospheric Sounding Processing Environment (ASPEN) software was
used to quality control the data (https://www.eol.ucar.edu/content/aspen), which was done by the
aircraft crew members prior to sending them out to be used by researchers. In the second stage,
each dropsonde profile was regridded from its native vertical resolution (~ 20 m) to a fixed 100 m
vertical grid between 0 and 8 km above mean sea level (approximately the lowest height of any of
the aircraft) according to the arithmetic mean of all observations occurring within 50 m of each
point in the grid. All state variables of every dropsonde profile were plotted (not shown) and
visually inspected and compared to the original raw profiles to ensure that no relevant information

was lost (i.e. temperature inversions, wind maxima etc.).

In the third stage, the profile within each transect containing the strongest LLJ assessed by
maximum wind speed was identified and defined as the transect center, hereafter referred to as the

LLJ profile. For any case with double LLJs, the stronger among the two was selected to be the LLJ



profile. The remaining dropsondes of the transects were time-to-space (T-S) adjusted following
Neiman et al. (2014) with the assumption of a steady translation velocity during the measurement
period. This T-S adjustment shifted the dropsonde locations to their positions at the time of the
LLJ profile and caused a slight rotation in the sonde transect depending on the direction of flight

(clockwise for an equatorward flight and counterclockwise for a poleward flight track).

Finally, in the fourth stage, the transects were regridded using linear interpolation along an
800 km transect centered at the LLJ profile with a spacing of 60 km (the average spacing between
the dropsondes). The coordinates were then rotated to the transect normal axis (y', approximately
the along-jet axis, as discussed later) and the along transect axis (X', across-jet axis). Note that the
transect normal axis is very nearly along the direction of water vapor transport (Ralph et al. 2005)
and approximately parallel to the cold front, which is typically oriented from the southwest to the
northeast. Similarly, the transect parallel direction is approximately perpendicular to the direction

of water vapor transport and is usually oriented from the northwest to the southeast.

The transect-normal geostrophic wind (v;) was calculated using centered finite

differencing and is given by,

,_ 10p
Vg = (L.1)

where f is the Coriolis parameter at the dropsonde latitude, p is the density as a function of height,
Ap is the along-transect difference in pressure, Ax is the dropsonde spacing and the prime
superscript indicates a coordinate rotation. The transect-normal ageostrophic wind (U('zg) was
calculated from the residual between the transect-normal total wind and the transect-normal
geostrophic wind. The measurement error of the geostrophic and ageostrophic winds was
calculated by using formal error propagation techniques according to the dropsonde measurement
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uncertainties given previously, and it was found to be +1.5 m s™. The transect-parallel geostrophic

wind cannot be calculated due to insufficient data in the transect-normal direction.

b. Reanalysis

The newest reanalysis product (ERA5) from the European Center for Medium Range
Weather Forecasts (ECMWF) provided four uses in the present study. These were i) a synoptic
scale context for the 24 cases, ii) a comparison with the observed total, geostrophic, and
ageostrophic wind fields, iii) an assessment of whether the pressure tendencies over the sampling
period were small enough to make the stationarity assumption, and iv) a diagnostic analysis of the
ageostrophic component of the LLJ. The ERA5 product used in the present study is available at a
1-hour intervals with a resolution of 0.25 degree x 0.25 degree globally and 37 levels irregularly

spaced from 1000 to 1 hPa at 25 hPa spacing or finer.

c. Gradient Wind
An estimate of the gradient wind was calculated from a combination of the observations
and the ERAS5 reanalysis. The gradient wind was found by first assuming no wind speed

acceleration and then by solving the equation (Brill 2014),

Vzra 10
L+ [Vgraa + ;ﬁ =0 (1.2)

where V.4 is the gradient wind, R is the radius of curvature of a parcel trajectory, p is the air

density, and Z—: is the pressure gradient normal to the trajectory. Since the observations are not

exactly normal to the trajectory (see Fig. 1.1 transect compared with blue lines) we cannot calculate

the total gradient wind; however, we can calculate the gradient wind in the transect normal-

direction by using Z—Z = Z—Zcos (Bairr) and Vyoq = Vyraa cos(6airr) Where Z—Z is the along
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transect pressure gradient, Vg"ﬁad is the transect normal (N) gradient wind, and 6 is the angle

difference between the transect and the trajectory. Using these relationships, the gradient wind

normal to the transect is given by the equation,

N
(Vgrad)z

10p _
RCOS(@diff)

 fVitaa + 258 =0 (1.3)

Following Brill (2014), the radius of curvature for parcel trajectories may be calculated using,

As

R=—
A®

(1.4)

Where As is the parcel displacement (straight-line distance between start and end points) and A®
is the change in wind direction from initial to final time. Using ERA5, a 15 minute forward and

backward trajectory centered at the LLJ dropsonde time was used to calculate R. The other
quantities (Z—z, f,and p) were all calculated from the dropsonde observations, and (3) was solved

for the transect-normal gradient wind speed.

d. Stationarity

The stationarity assumption requires that the change in relevant quantities be sufficiently
small during the sampling period such that the observations can be assumed to be taken at a single
time. Since the focus of the paper is on the ageostrophic wind component, which was calculated
by subtracting the geostrophic wind component, it is imperative that the pressure tendencies be
sufficiently small such that the geostrophic wind calculations were nearly unchanged during the
observing period. The geostrophic wind centered finite difference method required three
dropsonde profiles to be used, which took a total of 14 minutes on average for collection. The
change in geostrophic wind was calculated at the LLJ profile by first calculating the pressure

tendency in ERAD, then dividing by the model grid spacing to obtain the geostrophic wind
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tendency, and finally by multiplying it by the particular time it takes to release 3 dropsondes in
each of the 24 transects. The result was an average change in the geostrophic wind of Avg=0.4 m
s'1. Note that this is equivalent to taking the time tendency of (1) and multiplying by At. Since the
result is much smaller than the observed ageostrophic winds (as will be shown), it follows that
pressure-tendency corrections are not required since potential non-stationarity will not

substantially bias the results presented here.

1.3 Observations of the Ageostrophic Component of the LLJ
a. Characterization
The 24 flight transects studied are overlaid onto their associated ARs in the thumbnail
images in Fig. 1.1. Clearly, the set has substantial variety in terms of the AR strength, curvature,
size, and latitude. The cases also have substantial variability in the strength of the LLJ (ranging
from 21 to 41 m s1) as well as the height (ranging from 400 m to 1500 m, Table 1). Despite this
variety, the cases have in common that the transects are across regions of strong water vapor

transport.

The composite of the 24 transect-normal (v') and transect-parallel (u") wind fields, shown
in Fig. 1.2, illustrates the characteristic environment within the AR. The vertical coordinate was
normalized, prior to compositing, by dividing the true height by the LLJ height in each transect,
thus creating unitless y-axes in both Figures 1.2 and 1.3. This procedure preserves the LLJ
maximum, which would otherwise be smoothed out when LLJs of different heights were averaged
together. However, the vertical coordinate can be approximately returned to dimensional units by
multiplying the y-axes by the average LLJ height (about 1000 m). A comparison of figures with

normalized height (Figs. 1.2 and 1.3) and those without (not shown) indicates that important
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features such as the sharpness of the cold front are not drastically altered by the normalization
process. For the purpose of display, a 5-point local smoother was applied after all calculations
were performed; comparison of smoothed and unsmoothed composites indicates that smoothing

does not substantially alter the composites.

There are five apparent features worth noting in Fig. 1.2: i) the intense LLJ of about 30 m
st centered at Distance = 0 km and Height = 1 and located on the warm side of the cold front, ii)
the zone of a sharp equivalent potential temperature gradient seen on the cyclonic or northwest
side of the LLJ marking both the cold front and moisture gradient, iii) the region of low-level
cross-frontal wind convergence on the cyclonic side of the LLJ at the cold frontal boundary (Fig.
1.2b), iv) the much stronger horizontal wind shear on the cyclonic side of the LLJ relative to that
on the anti-cyclonic side, and v) the bottom of the upper level jet streak above the cold front. It is
important to note that features become smoothed in the composite such that they may become
broader in scale and smaller in magnitude. However, the relative position of these features remains

intact and the LLJ is observed immediately ahead of the cold front (Fig. 1.2a), as expected.

The composite ageostrophic wind shown in Fig. 1.3a was calculated by subtracting the
transect normal wind (Fig. 1.2a) from the transect normal geostrophic wind (Fig. 1.3b) for each of
the 24 transects individually, normalizing by height, and compositing using the same procedures
described previously. One can readily draw four conclusions from Fig. 1.3: i) the LLJ is
supergeostrophic immediately ahead of the cold front, ii) both the frontal zone and upper level jet
(not shown) are subgeostrophic, the latter being expected from gradient wind balance for flow
around a trough, iii) the near-surface wind is subgeostrophic, likely a result of frictional drag,
though this is not substantiated in the present work, and iv) the transect-normal flow is nearly in

geostrophic balance outside of the regions mentioned in (i), (ii) and (iii). The composite transect
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indicates that the ageostrophic component of the LLJ (termed the AgLLJ) has a smaller transect-
parallel width scale (=100 km) than that of the AR (=500 km). It is likely that the transect-normal
length scale of the AgLLJ is similar to the length scale of the AR (on order of 1000 km) since,
when combined, the transects collectively sample all areas along the AR (see Fig. 1.1). However,
it cannot be ruled out that the ageostrophy occurs in most of the cases merely because each flight

strategically targeted meteorologically similar regions of strong water vapor transport.

Two different statistical significance tests are applied to the AgLLJ feature. The first is a
two tailed binomial distribution test using a 50% probability of success (either positive or negative
ageostrophy) to determine the likelihood that the 21 of 24 cases of positive ageostrophy could have
occurred by chance. The hatching in Fig. 1.3 shows the regions of statistical significance to the
99.5" percentile for this test, highlighting the extreme degree of confidence that the AgLLJ does
not merely result from sampling variability (more information is provided in Supplemental 1.1).
The second test is a two-tail standard student-T test at the 95%-tile level which, unlike the previous
test, accounts for the magnitude of the ageostrophy. It results in a pattern of statistical significance
(not shown) very similar to that of the Boolean test in that both the AgLLJ and the surface
subgeostrophy are found to be statistically significant regions. We do not report on field
significance since the field in question (transect-normal wind speed) exhibits only two spatial
degrees of freedom (Livezey and Chen 1983). This is because the wind speed at the LLJ center

grid cell is highly correlated (> 0.7) to the wind speed at all other grid cells among the transects.

Figure 1.4 shows distributions of the transect-normal ageostrophic wind speed,
ageostrophic percentage of the total transect-normal wind, and height above sea level of the
ageostrophic wind calculated from the LLJ profiles. Since the study is focused on the positive

ageostrophy of the LLJ, the averages of each distribution in the upper left corner of each plot in
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Fig. 1.4 do not account for the three cases of negative ageostrophy. For the 21 positively
ageostrophic cases, the average transect normal ageostrophy is 6 m s?, the percentage of
ageostrophy in the total transect normal wind speed is 20%, and the height above sea level of the
ageostrophy is 1 km. The distributions provide a sense of variance not incorporated in Fig. 1.3 and

also demonstrate that the composite transects are characteristic of the majority of the samples.

Although the role of the LLJ in transporting water vapor within ARs has been well studied
(Neiman et al. 2002, 2009; Ralph et al. 2005; Kingsmill et al. 2013; Cordeira et al. 2013;
Valenzuela and Kingsmill 2015), the specific contribution of the ageostrophic wind has not. The
average vertical profile of the water vapor transport in the LLJ is shown in the Fig. 1.5 (normalized
in height as in Figs. 1.2, 1.3) for both the transect-normal total and geostrophic components. Above
a normalized height of 2, the total and geostrophic profiles are nearly identical; but below this
height they are entirely different. The discrepancies result from frictional drag, which reduces the
wind near the surface, and the AgLLJ, which increases the wind centered at a normalized height
of 1. The substantial difference in the two profiles demonstrates the important role of the

ageostrophy in the water vapor transport.

b. Gradient Wind Imbalance
The geostrophic wind approximation is accurate for only nearly straight flow. Air parcels
with highly curved trajectories will have an additional component of acceleration acting upon them
known as the centrifugal force, which leads to wind directional accelerations but not wind speed
accelerations. When examining wind speed accelerations, it is more appropriate to examine the
gradient wind rather than the geostrophic wind because the former accounts for curvature effects.

While the wind speed accelerations are of ultimate interest here, the present study focuses on the
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observed ageostrophy rather than the gradient wind imbalance because the latter cannot be

calculated from the dropsondes alone due to the lack of air parcel trajectory information.

Figure 1.6 shows the transect-normal gradient wind speed plotted against total wind speed
for the LLJ maxima in each transect. For nearly all cases, the transect-normal total wind speed is
greater than the gradient wind speed, indicating that the LLJ is not only supergeostrophic but is
also supergradient. The latter is a more powerful statement than the former because it guarantees
that the LLJ is undergoing wind speed accelerations while the former may not. This motivates an
analysis to understand the driving mechanism behind the observed ageostrophy which is addressed

in Section 1.4.

c. Comparison of Observations with ERA5 Reanalysis

Since the accuracy of the AgLLJ feature depends on the reliability of the geostrophic wind
calculation, we now compare the geostrophic winds calculated from dropsondes with those
calculated from the ERAS reanalysis product to determine whether any biases exist which could
create a spurious AgLLJ. The following methods were applied to the ERA5 product to ensure a
fair comparison with the observational fields. First, the geostrophic and ageostrophic winds were
calculated from the full ERA5 output fields using centered finite differencing. Then, for each
transect, the ERAS fields were temporally interpolated to the hour and minute of the LLJ profile
dropsonde and horizontally interpolated to the T-S adjusted location of every dropsonde to form
an ERAS “dropsonde” transect. Since it is possible that the ERAS may not place the LLJ in the
same location as in the observations, we applied to the ERAS “dropsonde” transect the same
method for finding the LLJ that was applied to the observed dropsonde transect. Finally, a rotation
of coordinates was performed in the same manner as for the dropsondes to yield the transect-

normal geostrophic, ageostrophic, and total wind fields.
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Figure 1.7a shows a scatter plot of the observed and ERAS5 transect-normal geostrophic
and total winds at the LLJ for each of the 24 transects. This analysis illustrates a clear low bias in
the ERADS transect normal total wind relative to the observed wind (blue squares) with a mean
difference of 5.4 m s that is statistically significant at the 95" percentile confidence level (p <
0.05) using a Welch’s t-test. Interestingly, no bias is observed in the transect-normal geostrophic
wind (red filled circles Fig. 1.7a), suggesting that the method for calculating the transect-normal
geostrophic wind for the dropsondes is reliable. A low bias is also found in the ERA5 ageostrophic
winds (not shown) with a mean difference of 5.0 m s that is statistically significant at the 95"
percentile confidence level also using a Welch’s t-test. The fact that the total wind field is biased
low by the same amount as the ageostrophic winds (5.4 versus 5.0 m s) suggests that the ERA5

product generally does not resolve the observed AgLLJ feature.

To increase the confidence of these results, a possible methodological flaw is explored and
refuted. Since the transect-normal winds were used in the previous analysis, any substantial
deviation in the ERA5 wind direction from that of the observed wind will result in an
incommensurate comparison. To investigate this possible bias further, the unrotated observed total
wind speed is plotted against the unrotated ERAS5 total wind speed at the LLJ location
(Supplemental 1.2). This compares the strongest possible ERA5 winds with that of the observed
winds and eliminates any possibility of a low bias due to orientation. The results (Supplemental
1.2) are similar to that of Fig. 1.7a such that the ERAS total wind speeds are biased low by 3.1 m
s't an amount less than in the rotated case suggesting that the wind direction may account for some
of the significant differences observed in Fig. 1.7. This lends further support to the reliability of

the methods to determine observed wind.
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The preceding evidence suggests that the ERA5 total wind field is biased low because it
generally does not resolve the AgLLJ. We now provide further evidence by applying the same
methods used to create Fig. 1.7a to a different region that contains zero ageostrophy to determine
if the ERAS total winds are biased low in that region as they are in the LLJ region. The region
selected is dubbed the “Warm” region and is located at Distance = +200 km and Height = 1 in the
space of Figure 1.3a where the ageostrophic winds are zero in the observed composite. The results,
shown in Fig. 1.7b, plainly illustrate that ERAS has no statistically significant bias (having p-
values > 0.1) in either the transect-normal total wind nor geostrophic wind. This supports the
hypothesis that the ERAS LLJ total wind is biased low due to the inability of ERAS to resolve the
AgLLJ feature. This conclusion is consistent with Martin et al. (2018), who found that the WRF
and GEFS reforecast models tended to be “too geostrophic” as compared with dropsonde
observations in exactly the same region investigated here, which resulted in a low bias in the total
wind and water vapor transport. While the ERA5S almost always has a low bias in the transect-
normal ageostrophic wind, there is one case that did adequately produce the AgLLJ feature, which

will be explored in detail in the next section.

1.4 Diagnostic Analysis for an AgLLJ Case study
a. Evolution of the AgLLJ
The 13 February 2016 AR was a very strong event reaching a peak IVT of about 1000 kg
m? s, making it an AR CAT4 upon landfall in the Pacific Northwest, with 4 on a scale of 5
corresponding to “mostly hazardous, also beneficial” (Ralph et al. 2019). The evolution of the
along-front ageostrophy is shown in Fig. 1.8 where an elongated very narrow band of ageostrophic

wind is observed to intensify and decay while propagating southeastward in the span of about 15
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hours. The ageostrophic wind is rotated to the transect-normal direction, approximately the along
front direction (see Fig. 1.8), such that all of the red and orange colors indicate that the ageostrophic
wind has at least some southerly or westerly component. At 1200 UTC 13 February, the
ageostrophy is primarily cross-frontal, likely driven by the larger scale transverse circulation, with
only a narrow strip of along-front ageostrophy located immediately ahead of the cold front. Over
the next 6 hours the strength of the ageostrophy along this strip intensifies over an area having a
length on the order of 10° km, a width of 102 km, and an ageostrophic wind magnitude ranging
from 5— 10 m s. These characteristics are consistent with the observed ageostrophy discussed in
section 1.3a . After peak intensity, the strip begins to shrink in size until all that is left is a small

region on 0300 UTC 14 February.

Figure 1.9 shows an ERAS transect taken across the region of maximum ageostrophy
occurring at 1800 13 February and shown in each panel of Fig. 1.8. The transect exhibits an LLJ
and its accompanying along-front ageostrophic component (i.e. the AgLLJ). This figure is plotted
on height levels for consistency with the previous cross sections, which results in some missing
values at the surface since ERA5 output is not available on pressure levels below the 1000 hPa
level and the surface pressure for this transect is greater than 1000 hPa. From Fig. 1.9a, the along-
front total wind speed maximum is observed to be about 28 m s, centered at 1000 m, found ahead
of the cold front, and above the boundary layer. The AgLLJ is found at the same location having
a core width of nearly 200 km and magnitude of about 8 m s, which agree qualitatively with the
observations shown in Fig. 1.3. Although not shown, both the LLJ and AgLLJ are located within
the column of maximum moisture content along the transect above a region of surface convergence
and found on the warm side of a low-level potential vorticity anomaly, consistent with the

hypothesis that condensational heating leads to an enhancement of the LLJ (Lackmann 2002).
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These observations are all consistent with the composite analysis seen in section 1.3, although this
case study provides an example of more typical gradients in the wind, temperature, and moisture

content without the smoothing effect that is inherent in the composites.

b. Diagnostics of the Ageostrophic Jet’s Forcing Mechanism
The frictionless horizontal momentum equations in pressure coordinates are rearranged to

diagnose the forcing mechanisms of the AgLLJ in the form

g

2 = — (fex VI ) = (5 7)B - fk X By (5)

where v, is the ageostrophic wind vector, v is the total wind vector, ¢ is the geopotential height,

and f is Coriolis parameter. Five terms from (5) are calculated and defined here. The first term on
the LHS of (5) is dubbed the “Time Differenced Tendency” because it is calculated by taking finite
differences in time of the ageostrophic wind field. Terms 2 — 4 are the “isallobaric tendency”,
“advective tendency”, and ‘““ageostrophic Coriolis torque tendency” corresponding to the three
RHS terms respectively. Finally, the fifth term is the sum of the RHS of (5) and is dubbed the
“Instantaneous Tendency” because it is calculated using data at one instant in time. Each of the
five terms are rotated to obtain the along-front (i.e., transect-normal) components in the same
manner as applied in section 1.4a. The purpose of calculating two estimates of the total tendency
(time differenced and instantaneous) is for validation purposes since these two fields are expected
to be identical with one another given perfect data. In practice, however, the correlation is
imperfect because the time differenced tendency is an average tendency over three hours while the
instantaneous tendency is at a single moment in time. The purpose of calculating the individual

forcing terms is to quantify each of their contributions in the AgLLJ.
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Each of the five terms calculated from ERAS5 for the 950 hPa level are plotted in Fig. 1.10
for 1500 UTC 13 February while the AgLLJ wind speeds are intensifying. Comparison of the time
differenced tendency pattern with the instantaneous tendency pattern shows a qualitatively similar
picture with both patterns exhibiting a dipole of positive/negative accelerations on at the dropsonde
transect location (Fig. 1.10a, b). The differences in the magnitude between the time difference and
instantaneous tendencies exist primarily because they are incommensurate in time but also because
friction is neglected in the latter term. Despite the difference in magnitudes, the qualitative

agreement between the two terms agree provides confidence in the forcing components.

Next, the forcing components are examined individually in Figure 1.10c-e. The isallobaric
term (Fig. 1.10c) is concentrated along the front and dominated by the strong positive acceleration
greater than 1.0 10 m s, If sustained over only one hour, the positive acceleration would produce
an ageostrophic wind speed of 3.6 m s, which is consistent with the observed ageostrophic wind
speeds from section 1.3a. The advection tendency term (Fig. 1.10d) exhibits a strong negative
tendency along the front on the order of -1.0 10° m s with a positive tendency strip to the
southwest of the transect. It additionally has a much weaker but broader region of negative
acceleration extending far out into the warm region. Lastly, the ageostrophic Coriolis torque
tendency term (Fig. 1.10e) has a very broad positive acceleration extending over the warm region

up to the cold front, with some weaker negative acceleration in the cold region.

A qualitatively similar picture is seen in the cross sections (dotted line in Figs. 1.8, 1.10)
of the forcing terms shown in Fig. 1.11. For context, the along front ageostrophic winds are
overlaid on the cross sections (black contours) and are located immediately ahead of the cold front
with a magnitude above 8 m s that decays rapidly with height. As in the plan-view, there is good

agreement between the patterns of time differenced and instantaneous tendencies despite the
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difference in magnitude. Additionally, the isallobaric and the AgLLJ maxima are collocated with
one another indicating that the AgLLJ is being accelerated by the isallobaric term at this time. In
contrast, both the minimum advective tendency and the maximum ageostrophic Coriolis torque
terms are offset from the AgLLJ maximum indicating that both these terms are propagating the

AgLLJ at this time.

The evolution of both the AgLLJ and the momentum budget are shown in Fig. 1.12 starting
from 0600 13 February and ending on 0600 14 February across the transect shown in the Fig. 1.8.
Initially, at 0600 13 February (Figs. 1.12a-d) there is a clear tri-pole in the instantaneous tendency
dominated by the isallobaric and Coriolis terms with only small ageostrophic wind values. By
1200 13 February (Figs. 1.12e-h), the positive isallobaric generates the clear AgLLJ in the center
of the domain with some contribution from the Coriolis torque. At 1800 13 February (Figs. 1.12i-
), the continued overlap of the isallobaric tendency with the AgLLJ maximum serves to further
intensity the AgLLJ locally reaching a maximum of about 8 m s™. During this same time, the
negative advective tendency on the northwest (left) side and the positive Coriolis torque on the
southeast (right) side of the AgLLJ maximum propagate the jet towards the southeast. By 0000 14
February (Figs. 1.12m-p) the isallobaric tendency continues to intensify and large values of
ageostrophy are generated with a substantial contribution from the advective term. Finally, by
0600 14 February (Figs. 1.12g-t) negative tendencies in the advection tendency deteriorate the

remaining ageostrophy.

The momentum budget analysis demonstrates that the isallobaric term is the most
concentrated and has the best overlap with the AgLLJ maximum, though there are certainly some
contributions from the advective and Coriolis terms. At low levels ahead of the cold front, the

ageostrophic Coriolis torque is broad, weak, and located ahead of the AgLLJ maximum which
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serves to propagate rather than intensify the jet. Similarly, the advective term is generally negative
behind the AgLLJ maximum also serving to propagate the jet. For this case, the observed AgLLJ
is found to be driven primarily by the isallobaric tendency and is propagated by the Coriolis torque

and advection tendencies.

1.5 Conclusions and Discussion

This study employed a large number of aircraft dropsonde observations sampled across
Atmospheric Rivers (AR) to investigate the ageostrophic component of the wind in the transect-
normal (i.e., along frontal) direction. It was found that 21 of 24 cases have a positive component
of ageostrophic wind with an average magnitude of 6 m s + 1.5 m s, which contributes about
20% of the total wind at the LLJ maximum located at approximately 1 km elevation. The
ageostrophic component of the LLJ, referred to as the AgLLJ, is found immediately ahead of the
cold front and above a region of low-level convergence. The question of whether the AgLLJ is an
artifact resulting from the neglect of curvature effects in the geostrophic approximation was
investigated by calculating the gradient wind, and it was demonstrated that the total wind is greater
than the gradient wind in the majority of cases. This indicates that the AgLLJ is also a region of
supergradient wind, thus implying that the ageostrophy results from acceleration of wind speed

rather than merely directional acceleration associated with gradient wind balance.

The ERAGS reanalysis product was employed to diagnose the forcing dynamics of the
AgLLJ. For the majority of the cases investigated here, the ERA5 does not adequately resolve the
AgLLJ, likely due to the jet’s narrow width being on the order of 10?2 km. A one-to-one comparison
of the ERAS and observed geostrophic and total winds demonstrated that the ERA5S has a low bias

for the total wind but not the geostrophic wind. One case in which the ERA5 qualitatively
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reproduces the observed AgLLJ occurs on 13 February 2016. An idealization of the dynamical
processes for this case is shown in the Fig. 1.13 schematic on a 900 hPa plan-view surface during
the time of maximum AgLLJ intensity. In this schematic, the isallobaric term is co-located with
the AgLLJ maximum serving to accelerate the jet. The Coriolis torque term, however, is positive
ahead of the jet serving more to propagate the jet along rather than to accelerate it. Lastly, the
advection tendency term is found to be negative behind the jet also serving to propagate it toward

the southeast.

The positive contribution from the isallobaric tendency term implies that the frontal
dynamical processes generating pressure tendencies at low levels lead to a positive along-frontal
ageostrophic wind. This validates the scaling argument from Wakimoto and Murphey (2008) and
IS consistent with the diagnostic analyses of Uccellini and Johnson (1979), Brill (1985), and Chen
et al. (1994). An example of one such process is latent heating above the AgLLJ that may
contribute towards pressure falls thereby accelerating the ageostrophic winds. Lackmann (2002)
described a related process by which the low-level latent heating generates a diabatically driven
PV anomaly to which the horizontal circulation responds by developing a southerly/northerly
component on the anti-cyclonic/cyclonic side of the PV. By performing a PV inversion analysis,
Lackmann was able to quantify the height (pressure) falls associated with the diabatic PV anomaly.
Both the isallobaric mechanism from this study and the response to the diabatic PV anomaly from
Lackmann (2002) describe a response of the wind due to pressure (height) falls. It thereby seems

plausible that they both describe the same response viewed from different frameworks.

The ageostrophic enhancement of the vertical profile of water vapor transport within the
LLJ is furthermore illustrated in the Fig. 1.13 schematic that is based on observed differences

between total and geostrophic water vapor transport. Much of the ageostrophic enhancement
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occurs between 750 — 1250 m, the layer which is known to correlate highly with orographic
precipitation (Neiman et al. 2002, 2009). This means that the ageostrophic component adds vapor
transport where it is most able to enhance orographic precipitation for the U.S West Coast during
the wet season (Fall — Spring). Furthermore, without this enhancement the geostrophic component
lacks the sharp maximum in the vapor transport profile located at 750 m. Contrastingly, the
ageostrophic component actually serves to reduce the vapor transport at the surface, likely due to
friction. Qutside of the LLJ region, the wind is expected to be either mostly geostrophic or
governed by transverse circulation dynamics. However, inside this region the ageostrophy
provides a substantial contribution towards the water vapor transport consistent with Winters and
Martin (2014), who found that a large contribution of the vapor transport was associated with the

ageostrophy.
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Tables and Figures

Table 1.1: The aircrafts used, dates, times and locations of 24 dropsonde cases as well as some
results unique to this study. The full names of the G-IV and C-130 aircrafts are the Gulfstream G-

IV SP, N49RF and the ARFC C-130J.

Transect First Sonde Last Sonde No. Of HeightofLLJ LLJWind Max AgLLJ MAXIVT
[yyyymmddT#] Aircraft [hh:mm] [hh:mm] Sondes [m] Speed[ms!] [ms]] [kgm's1 Vag/Wspd
20140208T1 G-IV 20:50 21:46 9 400 23 8 638 0.35
2014020872 G-IV 22:43 23:38 9 800 27 5 946 0.19
2014021171 G-IV 19:03 21:03 14 1200 44 9 1171 0.2

2014021172 G-IV 20:33 21:24 12 1500 42 4 1041 0.1

20140213T1 G-IV 18:51 20:22 16 1500 30 2 733 0.07
20150115T1 G-IV 21:14 22:46 12 700 31 8 856 0.28
20150117T1 G-V 22:45 0:30 10 500 32 12 749 0.38
2015020673 G-IV 21:59 22:59 8 1000 31 9 886 0.29
2015020872 G-IV 13:12 14:48 13 1000 27 -2 871 -0.07
20150214T1 G-IV 18:03 19:28 13 1000 30 1 1048 0.03
2016021371 C-130 20:41 23:41 20 400 29 6 662 0.21
2016021372 C-130 23:41 1:58 23 1500 37 4 848 0.11
2016021373 c-130 20:33 23:21 25 500 33 9 855 0.27
20160215T1 C-130 20:47 23:01 16 900 29 5 516 0.17
2016021572 C-130 23:01 2:02 20 1200 32 6 229 0.19
2016022172 c-130 20:33 0:00 23 1500 41 5 714 -0.12
2018012672 C-130 0:15 1:46 8 700 27 2 580 0.07
2018012673 C-130 20:44 22:22 10 400 24 12 439 0.5

20180128T1 C-130 20:31 21:34 6 600 33 6 870 0.18
2018012872 C-130 21:34 23:04 7 1100 33 7 731 0.21
20180128T4 C-130 0:36 1:36 6 600 21 5 547 0.24
2018013173 c-130 20:31 23:02 16 1400 33 -11 896 -0.33
20180202T3 C-130 20:34 23:57 17 400 28 7 875 0.25
2018020275 G-IV 20:58 22:18 12 800 40 8 888 0.2
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Figure 1.1: Northeast Pacific plan-view images of IVT (color fill; kg s* m™) from the ERA5
reanalysis product for each of the individual LLJ/AR cases. Black dots represent dropsonde
locations and the blue curves show the radii of curvature for each LLJ trajectory. The flight
transects are matched to the ERAS plan-view at the nearest 3 hour interval. The bottom right text
is the case identifier in the form yyyymmddT# where T# represents the transect number; cases
with multiple transects on the same day have “T#” separated by commas.
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Figure 1.2: Transect composites, normalized vertically by LLJ height, for a) transect-normal (into
the page) wind speed (color fill; m s*) and b) transect-parallel (across the page) wind speed (color
fill; m s1), with both plots having equivalent potential temperature (solid black; K).
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Figure 1.3: Transect composites, normalized vertically by LLJ height, for the transect-normal a)
ageostrophic wind (color fill; m s*) and b) geostrophic wind (color fill; m s), with both plots
having equivalent potential temperature (solid black; K). Hatching in (a) represents the 99.5%
percentile of significance according to a binomial test (see text for details).
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Figure 1.4: Histograms of the a) maximum AgLLJ wind speed (m s?), b) fractional contribution
of AgLLJ wind to the total wind (unitless), and c) height of the AgLLJ (km). The numbers at the
top left of each plot are the averages of each quantity for the 21 of 24 positively ageostrophic cases.
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Figure 1.5: Transect-normal water vapor transport as a function of height for the total (black; g s
! m?) and the geostrophic (blue; g st m) with the averages in bold and one standard deviation
shown in color fill. The vertical profiles are taken at the LLJ location. A running vertical mean of
3 points is applied to both curves with only superficial differences compared to the original

profiles.
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wind for each of the 24 transects. The cross shows the mean at the center and the 1-sigma standard
deviations given by the lengths of each of its axes.

LLJ Region Warm Region
P IS SRS RSN ST T U N ST T SN SN NS T - PR IS U [ T SR T [ S S S NS S
[JTotal
@ Geo . ]
40 - 40 o 5
N
E <3 o,
» 30 * o @ a - 30 -
2 1 * 5 a *
S : $
= ] e
0 1 AT
<< - *l o - =
5 * 1 ©e .,. e c: o
] . .
10 o 0445 1.9+x39[
- (p=0.0008) 5.4 £ 3.1} . 07134
- L T T L | T T T L T T LA | T ™ - 71 T T T T ' T T L T T 1 T
10 20 30 40 10 20 30 40
Observed Winds [m s™] Observed Winds [m s™]

Figure 1.7: a) ERAS versus the observed transect-normal total wind speed (blue empty squares; m
s'1) and transect-normal geostrophic wind speed (red filled circles; m s™) at the LLJ location, b)
same as (a) except for the Warm region as mentioned in the text. The crosses are centered at the
mean values with lengths of one standard deviation. The numbers on bottom right are the
difference in the means with a confidence interval at the 95%-tile using a two-tail t-test
distribution, and the p-values for a Welch’s t-test in the parentheses.
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Figure 1.8: A 950 hPa time sequence from 18:00 UTC on the 13" to 09:00 UTC on 14 February
2016 of the potential temperature (solid black; K), along-front ageostrophic winds (color fill; m s’
1), and ageostrophic wind vectors (m s™).
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Figure 1.9: ERAGS for the transect shown in Fig. 1.8 of the potential temperature (solid black; K)
and a) transect-normal total wind speed (color fill; m s*), and b) transect-normal ageostrophic
wind speed (color fill; m s). The NW and SE labels at the top represent the Northwest and
Southeast ends of the transect (as shown in Fig. 1.8).
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Figure 1.10: 950 hPa plan-view maps at 13 February 1500 of the transect-normal ageostrophic
accelerations contributing to a) the finite-differenced ageostrophic wind tendency, b) the
instantaneous ageostrophic wind tendency, c) the isallobaric tendency, d) advection tendency, and
e) ageostrophic Coriolis tendency (color fill; m s?). The potential temperature is shown in solid
black every 2 K.
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Figure 1.11: As in Fig. 1.10 expect with terms calculated along the transects shown in Figs. 1.8
and 1.10. The solid black contours are the transect normal ageostrophic winds every 2 m s and
the solid gray contours are the potential temperatures every 2 K. The left side of each plot is on
the Northwest side of the transect.
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Figure 1.12: A time sequence of the momentum budget from 06:00 UTC 13 February to 06:00
UTC 14 February for the transect shown in Fig. 1.8. Each column contains a different term in the
momentum budget with column 1 being the instantaneous tendency (Inst Tend), column 2 the
Isallobaric tendency (lIsallobaric), column 3 the Advective tendency (Advective), and column 4
the Coriolis torque on the ageostrophic wind (Ageo. Coriolis). The ageostrophic wind normal to
the transect is plotted in each plot with a contour interval of 1 m s beginning from 4 m s,

35



Ageostrophic Enhancement of the Low-Level Jet within an Atmospheric River
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Figure 1.13: A conceptual representation of the enhancement (green) of water vapor transport
within the low-level jet due to the ageostrophic winds and the dynamical processes serving to
accelerate/decelerate the ageostrophy. A 900 hPa plan-view representation of the forcing
mechanisms is shown on the left with the cold front in bold black with triangles, IVT exceeding
250 kg m* st in grey indicating the AR boundaries, and the ageostrophic enhancement of the LLJ
in green. The total wind vectors are shown as wind barbs in knots. The acceleration/deceleration
vectors are shown with the isallobaric term in long dash blue, Coriolis torque in solid orange, and
momentum advection in short dash lavender. A vertical profile of the moisture transport is shown
on the right and is representative of any position within the green on the plan-view.
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Supplemental 1.1: A cumulative binomial distribution for a sample size of n=24 and a 50%
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different counts of success. The number on the vertical line is the two-tail cumulative probability
for 21 counts of success and the numbers on the horizontal lines are the counts of success for each
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Supplemental 1.2: The same as Fig. 1.7a except that the “Total” winds are not rotated here and are
the true total wind speeds.

37



Chapter 2: A Case Study of the Physical Processes Associated with the

Atmospheric River Initial Condition Sensitivity from an Adjoint Model

Abstract

Analysis of a strong landfalling atmospheric river is presented that compares the evolution
of a control simulation with that of an adjoint-derived perturbed simulation using the Coupled
Ocean/Atmosphere Mesoscale Prediction System. The initial condition sensitivities are optimized
for all state variables to maximize the accumulated precipitation within the majority of California.
The water vapor transport is found to be substantially enhanced at the California coast in the
perturbed simulation during the time of peak precipitation, demonstrating a strengthened role of
the orographic precipitation forcing. Similarly, moisture convergence and vertical velocities
derived from the transverse circulation are found to be substantially enhanced during the time of
peak precipitation, also demonstrating a strengthened role of the dynamic component of the

precipitation.

Importantly, both components of precipitation are associated with enhanced latent heating
by which: i) a stronger diabatically driven low-level potential vorticity anomaly strengthens the
low-level wind (and thereby the orographic precipitation forcing), and ii) greater moist diabatic
forcing enhances the Sawyer-Eliassen transverse circulation and thereby increases ascent and
dynamic precipitation. A Lagrangian parcel trajectory analysis demonstrates that a positive
moisture perturbation within the atmospheric river increases the moisture transport into the warm
conveyor belt offshore which enhances latent heating in the perturbed simulation. These results

suggest that the precipitation forecast in this case is particularly sensitive to the initial moisture
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content within the atmospheric river due to its role in enhancing both the orographic precipitation

forcing and the dynamic component of precipitation.

2.1 Introduction

The predictability of atmospheric rivers (ARs) is vitally important for the management of
water resources in California (CA) since it is a densely populated region and highly dependent on
the arrival, or lack thereof, of just a handful of precipitation events per year (Dettinger 2013; Ralph
et al. 2013; Dettinger and Cayan 2014; Ralph 2017; Lamijiri et al. 2017, 2018). DeFlorio et al.
(2018) performed an assessment of global ARs and found that at a 2-day lead time, fewer than
75% of the European Centre for Medium-Range Weather Forecasts (ECMWF) ensemble members
predicted ARs within 250 km of the actual landfall location, thus motivating the need for forecast
improvements in not only the magnitude of the water vapor content in the AR, but also its position.
The demand from California water managers for more accurate predictions of both AR strength
and landfall position has focused attention on improving numerical prediction systems, as well as
aspects of the initial conditions that impact AR characteristics. A version of the Weather Research
and Forecasting (WRF) model tailored for the needs of the U.S. West Coast and employed for real
time weather forecasts by Martin et al. (2019) demonstrated improved forecast skill over the
Global Forecast System (GFS) for 15 landfalling events in CA. Improvements in the initial
conditions are being made in part through the AR Reconnaissance (AR-Recon) program which
targets ARs using airborne instruments, having an emphasis on the in situ dropsondes (Ralph
2018). The optimal aircraft tracks and dropsondes locations, however, are typically a matter for
debate because it is not always clear where additional observations are most likely to improve the
analyses and subsequent forecasts. This study focuses on improving the dynamical understanding

of how perturbations identified using an adjoint technique grow rapidly and impact AR forecasts.
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It has long been understood that small errors in the initial conditions can grow rapidly due
to the chaotic nature of the atmosphere (Lorenz 1969). However, an initial condition error of a
state variable can have a range of downstream impacts depending on how it projects onto fast
growing perturbations (e.g., Reynolds et al. 2001, 2019; Doyle et al. 2014). Atmospheric
instabilities are the vehicles through which small errors in the initial state may grow rapidly,
thereby contributing towards forecast errors. Aircraft reconnaissance is often utilized to reduce the
initial condition errors during impactful weather phenomena by collecting in-situ observations of
critical regions where there may otherwise be gaps in the observing systems (Shoemaker et al.
1990; Gray et al. 1991; Martin and Gray 1993; Majumdar 2016). However, the optimal sampling

locations providing the greatest improvement to the forecast are often not obvious.

The Naval Research Laboratory (NRL) Coupled Ocean-Atmosphere Mesoscale Prediction
system (COAMPS®) including its moist adjoint model (Amerault et al. 2008; Doyle et al. 2012,
2014) was run in real time during AR-Recon in 2018 and 2019 to provide an objective method for
determining where short-term forecasts of precipitation over the west coast of North America are
most sensitive to changes in the initial state. Although not always the case, the regions highlighted
by the moist adjoint tool are often broadly consistent with the forecaster’s dynamical
understanding of phenomena that would impact the forecast evolution. By comparing dropsondes
with short-range forecasts, Lavers et al. (2018) found relative errors of about 20% in the water
vapor transport within ARs present in the ECMWEF forecast prediction system. Since water vapor
transport is highly correlated with orographic precipitation (Alpert 1986; Neiman et al. 2002,
2009a; Lu et al. 2010; Ralph et al. 2013), this suggests that aircraft reconnaissance sampling should
be focused in regions of strongest water vapor transport. However, there is evidence that multiple
dynamical features on a variety scales may have comparable impact on precipitation forecasts. For
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example, Zhang et al. (2019) found that ARs are linked to a parent extratropical cyclone (EC) 80%
of the time, suggesting that increased observations, and more accurate analyses, of the
dynamically-active regions associated with the development of the EC are also important (Zheng
et al. 2013). A dynamical investigation of the sensitivity results and subsequent perturbation
growth will both increase understanding of the physical mechanisms that modify AR evolution,

and provide context for the use of sensitivity tools for AR-Reconnaissance observing strategies.

The present study is motivated by, and complimentary to, Reynolds et al. (2019), which
used the NRL moist adjoint modeling system to evaluate the sensitivity of AR forecasts for January
and February 2017. They found that both the accumulated precipitation and the low-level kinetic
energy forecast were most sensitive to errors in and around the AR. Furthermore, they showed that
the largest forecast sensitivities are from the AR moisture content, followed by temperature and
winds, consistent with the results of Doyle et al. (2014) and Doyle et al. (2019) for Atlantic ECs.
Finally, they demonstrated that the strength of the initial condition sensitivities correlates well with
forecast errors, leading the authors to conclude that the moist adjoint is relevant for predictability
and targeted observation applications.

The goal of the present study is to investigate the physical processes responsible for the
rapid growth of perturbations derived from a moist adjoint model for an extreme landfalling AR.
Out of many different landfalling AR candidates, the 7-9 January 2017 event is investigated
because it occurred during the record-breaking precipitation year for Northern California and
contained several interesting dynamical features, including a mesoscale frontal wave (Bjerkness
and Solberg (1922); Renfrew et al. 1996, Parker 1997, Rivals et al. 1997, and Hewson 2009;

Neiman et al. 2016; Martin et al. 2019), which is notoriously difficult to accurately forecast.
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2.2 Methods

a) Control and Adjoint Run Descriptions

The January 7-9, 2017 landfalling AR is simulated using the COAMPS modeling system
(Hodur 1997; Doyle et al. 2014). The COAMPS model is a nonlinear, nonhydrostatic,
compressible, terrain-following numerical model. Our simulation is run on a 221x161 grid with a
horizontal grid spacing of 40 km on a Lambert-Conformal grid having 70 vertical levels; output is
interpolated onto a pressure grid from 1000 to 200 hPa every 25 hPa and from 200 to 50 hPa every
50 hPa. For a full description of the parameterizations and physics packages, see Doyle et al. (2012;
2019). The relatively coarse resolution of 40 km is chosen because the tangent linear
approximation tends to be valid for shorter time periods as resolution becomes finer. Future work

will consider higher-resolution experiments for shorter forecast intervals.

The following paragraphs describing the adjoint model closely follows the summaries
given in Reynolds et al. (2016, 2019) and Doyle et al. (2014), and is fully described in Doyle et al.
(2012). The COAMPS adjoint and Tangent Linear Models (TLM) are described in detail in
Amerault et al. (2008) and Doyle et al. (2012). The same physical parameterizations are used in
the nonlinear, tangent linear, and adjoint models, including ice-phase microphysics as in (Doyle et
al. 2012, 2014, 2019; Reynolds et al. 2019). The longwave and short-wave radiative processes are
included in the nonlinear forecasts but are ignored in the TLM and adjoint in order to avoid highly
nonlinear components of the physics. The COAMPS forecast and adjoint systems have been used
extensively in studies ranging from tropical cyclone (TC) predictability studies (Doyle et al. 2011,
2012; Reynolds et al. 2016), to the 2018 and 2019 AR-Recon field projects (Ralph et al. 2018;

Reynolds et al. 2019).
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The moist adjoint system represents the sensitivity of a forecast metric J (for model state

x; at time t) to each component of an earlier model state (x;,) as

J(x) = J[Mp(xe0)] (2.1)

where J is the response function and M,,; is the nonlinear model (see Errico, 1997 for a description
of an adjoint model). The response function selected in this study is the 18-h accumulated
precipitation averaged over the majority of California (black box in Fig. 2.2). The gradient of |

with respect to the initial model state is given by,

2 yr, Y (2.2)

axtO - tlTH.a_xt !
where M, is the tangent linear model of M,,; and superscript T denotes the transpose. The term

;T] is computed through differentiation of J with respect to the model state at time t. A requirement
t

of J is that it must be a differentiable and continuous function.

This study is focused on the comparison of the nonlinear control forecast (CTL) with that
of an adjoint-derived optimally perturbed TLM following the methods of Oortwijn and Barkmeijer
(1995), Rabier et al. (1996), and Errico and Raeder (1999). These initial-time perturbations based
on the adjoint sensitivity are designed to grow rapidly and result in large changes to the forecast
response function. The production of these optimal perturbations follows directly from that used

in Doyle et al. (2012, 2014). Perturbations to the response function J are expressed as

I __ a] /
] = Zja_xjxj , (2.3)
where % is the gradient of the response function with respect to the j" initial state component.
J

The j™ component of the perturbation vector x’ is optimal when defined such that
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x) =220 (2.4)

o wjox;’
for weights w;. The method for calculating the weights (w;) and scaling parameter s is detailed in
Doyle et al. (2014). The scaling parameter, s (units of /~1), is selected such that the largest
perturbation of the water vapor, potential temperature, or zonal wind speed at the initial time does
not exceed 1 g kg, 1 K, or 1 m s, respectively. These perturbation magnitudes are chosen such
that they are comparable to, or smaller than, errors assigned to radiosonde and dropsonde
observations in the data assimilation system [1 K, 1.8 m s and 10% relative humidity at 925 hPa
(~1-1.5 g kgH)]. The optimal perturbations are calculated for potential temperature, the Exner

pressure perturbation, mixing ratio, all wind speed components, and microphysical species.
b) The Sawyer-Eliassen Transverse Circulation Model

The Sawyer-Eliassen framework is a well-known method for calculating the 2D
ageostrophic circulation within a jet-front cross section. Following the methods of (Sawyer 1956;
Eliassen 1962; Keyser and Shapiro 1986; Winters and Martin 2014), the Sawyer-Eliassen equation

is given by,

00\ 0%y oM\ 92w oM\ 0%y a (de
(r5) 57+ (25 ey + (5) 53 = @ — 55 (&), (2:5)
where y is in the across-jet direction, x is in the along-jet direction, W is the ageostrophic

streamfunction, 6 is potential temperature, M = U, — fy is the absolute momentum, Q, =

2 (596 +2

deformations respectively), U, is the along-jet geostrophic wind, V; is the across-jet geostrophic

av, 90\ - . . . . .
y(a—yg) (5) is the quasi-geostrophic forcing term (stretching and shearing

‘v

wind, y = %(’1’7‘))? po = 1000 hPa, ¢, = 718 J kg™ K2, ¢, = 1004 J kgl K™, R = 287 J kg’

KL, f is the Coriolis parameter, and Z—f is the diabatic heating rate. The coefficients on the LHS of
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equation (5) represent the static stability, baroclinicity, and inertial stability, respectively. The
diabatic heating term is calculated following Emanuel et al. (1987) and Winters and Martin (2014),

and is given by,

do 90 Iy 0 06
Emw(f-ml2) (2.6)
dt dp T30, 0p

where 6, is the equivalent potential temperature calculated following Bryan (2008), I;,, is the moist
adiabatic lapse rate, and I; is the dry adiabatic lapse rate. Equation (6) was found to be in very
good agreement with the direct model output of the latent heating, indicating that the diabatic
heating is dominated by latent heating. We use a parametrized form for the diabatic heating
because only the instantaneous latent heating rate is available from the model output, which can
have some very large heating/cooling gradients and small-scale structure, thereby making it

difficult for the numerical routine of equation (5) to converge.

Equation (5) is a second-order elliptic partial differential equation (PDE) which is solved
numerically on a grid from 1000 to 100 hPa every 25 hPa in the vertical, and interpolated along a

transect of length 2,250 km with a 45-km spacing. It is solved using the method of successive over-

relaxation (SOR) in a piecewise manner for the dry (Qg) and moist (%) forcing terms separately.

The boundary conditions used are ¥ = 0 at all boundaries following Shapiro (1981) and Winters
and Martin (2014). All cross sections were manually inspected prior to application of the SOR
method to ensure that i) the full jet-front structure is captured, and ii) the boundary conditions were

appropriate and did not neglect any important features.
c) Air Parcel Trajectories

Both forward and backward trajectories are utilized in this study, each calculated from 15-

minute output, with 25-hPa vertical spacing, on a latitude-longitude grid interpolated to 0.375° x
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0.275°. The method applied to calculate both the forward and backward trajectories is a three-step
process which 1) determines the 3-dimensional wind components of each air parcel, 2) advances
the air parcels forward by a timestep, and 3) linearly interpolates to the new locations at which
point (1) — (2) are repeated following Wernli and Davies (1997) and Wernli (1997). This method
allows for an adaptable and computationally inexpensive method of estimating the parcel

trajectories.

2.3 Case Study Background

a) Synoptic-Scale Overview

The heavy precipitation that fell in California during 7-9 January 2017 was due to a
landfalling AR event reaching AR Category 4 (CAT4) out of a scale of 5 (Ralph et al. 2019) having
two distinct pulses or waves. At the forecast initialization time (Fig. 2.1a,f), AR Wave 1 (W1) is
located ahead of the synoptic scale cyclone’s (145W, 36N) cold front and is thereby already
associated with a mature EC having a moderate sea-level pressure (SLP) minimum of about 990
hPa and large integrated vapor transport (IVT) values exceeding 800 kg s m™. Following the
eastward propagation of a shortwave seen in the SLP field, the AR makes landfall in Central
California beginning around 12 UTC on 7 January with an IVT plume containing maximum values

located offshore upwards of 750 kg s m™ (Fig. 2.1b,qg).

A resurgence in the IVT (W2) is apparent in Fig. 2.1c, and is associated with a developing
secondary cyclone (C; Fig. 2.1h), also termed a mesoscale frontal wave (Bjerkness and Solberg
(1922); Renfrew et al. 1996, Parker 1997, Rivals et al. 1997, and Hewson 2009; Neiman et al.

2016; Martin et al. 2019). This rapid succession of events is consistent with the idea of AR families
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(Fish et al. 2019). The mesoscale frontal wave is found to be located not only in the left exit region
of the upper level jet (Fig. 2.1h), which is a region favorable for cyclone development, but also
along the cold front where strong latent heating is expected. It is thought that the synergy between
the forcings at upper and lower levels may be responsible for the development of the mesoscale
frontal wave and its intensification into a secondary cyclone. Twelve hours later (Fig. 2.1d,1), after
substantial development in both the SLP and IVT, W2 makes landfall as an AR CAT4 with
maximum IVT values reaching 1000 kg s m™. By the end of the forecast (Fig. 2.1e,j), the AR has
decayed, and the mesoscale frontal wave has propagated poleward to 130W, 47N towards

Vancouver.

The Stage-1V (Lin 2011) gridded observational 48-h accumulated precipitation for this case
is shown in Fig. 2.2a and exhibits the greatest impacts in three regions: i) the Northern Sierra
Nevada Mountains, with values upwards of 200 mm (~8”), ii) along the Northern California coast,
with values also upwards of 200 mm, and iii) the Shasta region, with values slightly under 200
mm. While the CTL run simulates the distribution and magnitude of the Stage-IV precipitation
pattern reasonably well in the Sierra Nevada range (120W, 37N) and central coast there are some
clear biases in the Shasta (124W, 42N) and north coastal regions which results in only a modestly
skillful precipitation forecast (Fig. 2.2a,b). The COAMPS forecast likely does not capture the
detailed structure of the observed precipitation at this resolution in part because fine-scale
orographic features, such as the coastal ranges, are not well resolved. Despite these biases, the
analysis undertaken here are still valid as they are focused on understanding the physical
mechanisms that lead to changes in the forecast. Modest values of precipitation are evident in

Central California around Morro Bay and San Luis Obispo in both the Stage-1V and the CTL run

47



(Fig. 2.2a,b). As will be discussed in the next section, this is the region where the most substantial

precipitation enhancements occur in the perturbed run.

b) Initial Condition Perturbations

The COAMPS moist adjoint model provides an objective method for determining
sensitivities of the response function (18-h accumulated precipitation averaged within the box
shown in Fig. 2.2) to the initial condition state variables. Informally speaking, this means that the
output of the adjoint model produces the amount by which the 18-h accumulated precipitation will
change for a given perturbation in a state variable made at the initial time. As described in Section
2.2a, the perturbations that are employed provide the largest change to the 18-h accumulated
precipitation possible within the limit of observational uncertainty and are thereby referred to as
the optimal perturbations. These optimal perturbations may be conceptualized as patterns
highlighting the regions where the forecast is most sensitive to changes in the initial state. For
clarity, the various simulations’ acronyms used within this study are shown in Table 1. The
nonlinear control simulation is simply CTL, the perturbed tangent linear model’s forecast is LPF
with difference from the control termed LPF — CTL, and lastly the perturbed nonlinear simulation’s

forecast is NPF with difference from the CTL termed NPF — CTL.

The initial condition (Oh) LPF — CTL are shown in Fig. 2.3 with the CTL run in color fill
and the LPF — CTL in the black contours such that solid contours overlaid on positive CTL values
indicate an enhancement of the LPF values relative to the CTL. As seen in Fig. 2.3a,b, the 850-
hPa optimal perturbations of wind speed and moisture content are situated within and surrounding
the tropical moisture plume, or AR, between 130°W and 140°W. The 850-hPa moisture is enhanced
by up to 0.4 g kg* within a large fraction of the AR core, around 23°N, 140°W, and decreased on

the south east edge, around 20°N, 130°W (Fig. 2.3b). The 850-hPa wind speed optimal
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perturbations are seen to increase the wind speed on the tail of the AR (~23°N, 140°W) and near
the south eastern edge (~20°N, 130°W); maximum values of these perturbations are up to about
0.15 m s’t. The optimal perturbations at the 500-hPa level are situated much farther upstream of
the AR compared to the lower levels, and are located near a jet entrance region (Fig. 2.3c,d). The
fact that the perturbations occur farther upstream with increasing altitude is consistent with the
advective speed being much greater at upper levels; if these perturbations are to impact the forecast
during the same time period as the lower levels, they must be situated farther away. This is also
consistent with the structure of the sensitivities being tilted against the shear (Doyle et al. 2014,
2019; Reynolds et al. 2019) and can be interpreted as growing through potential vorticity (PV)
unshielding, which is the result of a superposition of PV maxima, as in the Orr mechanism (Orr

1907; Badger and Hoskins, 2001; Reynolds et al. 2001).

2.4 Results

a) Evolved Perturbations

The remainder of the manuscript will be focused on the evolution of the optimal
perturbations and the dynamical differences between the CTL and the LPF. The difference in 48-
h accumulated precipitation between CTL and LPF is shown in Fig. 2.2c and exhibits a long narrow
band of enhanced precipitation centered at the latitude of Central California (~35°N) and a modest
reduction in precipitation poleward of 36° N. The dipole structure of the precipitation band
suggests a shift in the LPF’s AR position, however, as will be demonstrated later in this section,
the first order change is in the AR’s strength. The fact that the band of enhanced precipitation
extends far offshore, away from any topographic features, indicates that it is driven in part by a

dynamical mechanism. Similarly, the enhancement over land may be suggestive of orographic
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effects on precipitation seen at both the coastal mountain ranges of San Luis Obispo (121W, 35N)
and the southern Sierra Nevada mountains (119W, 35.5N). The optimal perturbations are
formulated to increase precipitation in the LPF compared to the CTL during the last 18 h of the
48-h forecast. The LPF minus CTL domain-averaged 18-h accumulated precipitation is about 3
mm, which is evident when comparing the deeper blue colors to the lighter brown in Fig. 2.2c.
Though this may seem small, it is important to emphasize that this is the overall regional average

which is offset by some areas of reduced precipitation.

While the perturbations have been tailored to optimize the precipitation in a linear context,
the nonlinear growth of the perturbations may also be examined by making a nonlinear forecast
from the optimally perturbed initial state. It is important to compare the forecast of the LPF with
the NPF because substantial differences between the two runs may indicate the dominance of non-
linearities, which are not represented within the LPF. The 48-h accumulated precipitation of the
NPF minus CTL, is shown in Fig. 2.2d. A comparison of the difference fields (Fig. 2.2c,d) shows
that they are qualitatively similar, indicating that within the 48-h forecast, the non-linearities are
sufficiently small such that the linear and nonlinear precipitation perturbations are similar.

Therefore, we are confident in moving forward with analyzing the LPF in more detail.

In order to perform a diagnostic analysis on the differences between the CTL and LPF runs,
it is necessary to clarify when in time the evolved perturbations may be leading to the precipitation
enhancement. A time series is shown in Fig. 2.4 of the average accumulated precipitation at 15-
minute intervals in a region that isolates the precipitation enhancement between the bottom of the
response function box up to 36°N indicated by the bold, black dotted line in Fig. 2.2¢c. The LPF’s
enhanced precipitation period begins at 26h, four hours prior to the response function accumulation

period. This is followed by strong growth in the precipitation enhancement that occurs for about
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10 h from 26h to 36h, after which time both the CTL and LPF continue to accumulate precipitation

at about the same rate.

The same method of averaging is applied to the IVT field to quantify the role of the
orographic precipitation forcing (i.e. moisture transport; Neiman et al. 2016; Martin et al. 2019)
within the LPF’s enhanced precipitation field (Fig. 2.4). As can be seen here, elevated values of
the LPF’s IVT begin at about 24h, just prior to the start of the period of enhanced precipitation,
and end at the same time (36h). Furthermore, it should be noted that while the percentage increase
in IVT in Fig. 2.4 may seem modest, a map of the difference in IVT between the LPF and CTL
(not shown) has a complex pattern of positive and negative values, suggesting that IVT can be
more locally enhanced than what is reflected in the regional average. Since moisture transport has
been shown to correlate well with orographic precipitation (Neiman et al. 2002, 2009a; Ralph et
al. 2013), this increase in IVT supports the hypothesis that the observed precipitation enhancement

is partially due to the increased orographic precipitation forcing.

To further investigate the forcing for orographic precipitation, we examine the components
of low-level water vapor transport within the 10-h time period of precipitation enhancement in
more detail. From 24h through 36h, a warm front propagates ahead of the AR (Fig. 2.5e—h). In this
same area as the moisture plume, strong low-level wind speeds directed from the SSW are evident
in the CTL run (Fig. 2.5a-d), indicating a region of very large moisture transport. At 24h (Fig.
2.5a,e), 2 h before the enhanced precipitation time period, a strengthening is observed in both the
850-hPa LPF — CTL wind and moisture content behind the warm front. Over the course of the next
8 h, through 32h, the LPF — CTL wind speed enhancement intensifies substantially while
simultaneously propagating north-eastward and making landfall (Figs. 2.5b,c). At 28h, the

moisture enhancement intensifies while remaining coincident with the region of enhanced wind

o1



speed (Fig. 2.5f). By 32h (Fig. 2.5g), the moisture is no longer enhanced behind the warm front,
likely a result of the greater precipitation taking place. Finally, at 36h (Fig. 2.5d,h) both the LPF —
CTL wind and moisture content are reduced behind the warm front. As mentioned previously, the
increase in vapor transport supports the hypothesis that the precipitation enhancement is partially

due to a greater orographic precipitation forcing.

During this same time period, from 24h through 36h, an intensifying narrow band of
moisture convergence (—q,,V * 1) and low-level PV is situated behind the warm front in the CTL
(Fig. 2.6). At 24h (Fig. 2.6a,e), there is already substantially enhanced moisture convergence
behind the warm front in the LPF — CTL, which results in diabatic generation of PV. Over the next
8 h, both the moisture convergence and PV are enhanced in LPF — CTL while the system is making
landfall (Fig. 2.6b—c,f—g). Since the CTL fields are also intensifying during this time period, the
fact that the LPF — CTL field is enhanced at these times shows that the rate of intensification for
these quantities is greater in the LPF than the CTL. By 36h, the coherent moisture convergence
dipole structure off the CA coast in the LPF — CTL is less apparent while the PV dipole appears
relatively unchanged (Fig. 2.6d,h). Just as Fig. 2.5 indicates that the forcing for orographic
precipitation is enhanced within the LPF, Fig. 2.6 shows that dynamically driven precipitation is

enhanced through moisture convergence.

To provide analysis of the vertical structure, Fig. 2.7 shows a cross section taken across the
warm front (location shown in Fig. 2.5¢) at the start of the response function integration time
(forecast hour 30) in which the precipitation enhancement is occurring. At this time, the CTL
exhibits strong wind speeds of up to 25 m s* at 900 hPa situated on the southeast side of the low-
level PV anomaly centered on the front (Fig. 2.7a,b). A dipole structure is observed in the LPF —

CTL low-level wind speed (Fig. 2.7a), where enhancements of up to 6 m s indicate the clear
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development of a low-level jet at 900 hPa which was not present in the CTL simulation. At first
glance, this may seem to be a shift in the wind speed locations, but examination of the total LPF
wind fields (not shown) compared with that of the CTL clearly shows the winds are enhanced up
to 20% rather than shifted. In fact, the location of this dipole is centered on the PV enhancement
(Fig. 2.7b), which matches the expected horizontal circulation change due to low-level latent
heating as investigated by Lackmann (2002). Importantly, the mixing ratio enhancements (Fig.
2.7d) are found to overlap the region of strengthened wind speed, consistent with the observed
enhancement of IVT. The reason that the region of enhanced vapor transport is not directly
coincident with the enhanced precipitation in this cross section is because the section location is

well offshore where orographic influences are not present.

Strong vertical motion that is vertically sloped and oriented along equivalent potential
surfaces occurs in the CTL (not shown) and also approximately along the region of moisture
convergence (Fig. 2.7c,e). Examination of equivalent potential temperature and absolute
momentum (not shown) clearly indicate that this sloped region is symmetrically unstable,
demonstrating that perturbations are expected to grow rapidly there. Contrastingly, the LPF — CTL
vertical motion clearly has two distinct regions, one with a slantwise orientation, similar to that of
the CTL, and the other with a distinct vertical orientation (Fig. 2.7c,e) consistent with deep
convection as in Cordeira et al. (2013). Cross sections of convective available potential energy
(CAPE; not shown) indicate that the LPF has an environment that is more conducive to convection.
A greater degree of convection is likely also a component of the precipitation enhancement,
although this is not investigated further here, and thus remains an open question for future work.

As demonstrated by the clear increase in both the vertical ascent and vapor transport, the cross
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sections further support the hypothesis that the observed precipitation enhancement is a result of

contributions from the dynamic precipitation component and orographic precipitation forcing.

b) The Transverse Circulation

The Sawyer-Eliassen transverse circulation model, which produces the vertical and cross-
frontal ageostrophic circulation perpendicular to the upper level jet structure in an approximately
straight flow, is used to further investigate the dynamical component of the precipitation
enhancement by separating the vertical velocity and moisture convergence into moist and dry
components. Here, the moist processes are due to the latent heating effects while the dry forcing
components arise from quasi-geostrophic shearing and stretching deformation contributions (see
Keyser and Shapiro 1986 and Winters and Martin 2014 for a more in-depth description). The dry
and moist components are obtained by solving the equation in a piecewise manner by using the
dry and moist forcings individually within the PDE solver. Note that Figs. 2.8-2.9 show only a

subset of the full PDE solver’s domain to match the previous cross sections in Fig. 2.7.

While the Sawyer-Eliassen model directly yields the components of the transverse

circulation (v,4, w), we investigate the moisture convergence rather than v,, because it is more

relevant for explaining the precipitation enhancement. The Sawyer-Eliassen derived moisture
convergence is calculated in three steps: 1) solve the Sawyer-Eliassen equation for the

ageostrophic stream function (W), 2) calculate the cross-jet ageostrophic wind using the equation

Vag = — g—lﬁ , and 3) assume 2D convergence in the plane of the cross section such that MConv =

dva : . N . . .
—qm ;yg where y is the cross-jet streak direction. The Sawyer-Eliassen derived total moisture

convergence (Fig. 2.8a) is calculated along the same transect as Fig. 2.7, and compares very well

with the full 3D model calculated moisture convergence in regard to strength, slope, and vertical
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extent (Fig. 2.7e). Similarly, the Sawyer-Eliassen model reproduces the LPF — CTL moisture
convergence very closely in terms of strength, slope, and vertical extent (solid black contours),
though it has a maximum at the surface (Fig. 2.8a), while the real case (Fig. 2.7e) is slightly
elevated from the surface. Therefore, despite the assumptions included in the Sawyer-Eliassen

equation, it still provides a very accurate depiction of the transverse circulation in this case.

The main utility of the Sawyer-Eliassen model for this analysis is the ability to separate the
transverse circulation into the dry and moist components. The geostrophic (dry) and the diabatic
(moist) components of moisture convergence shown in Fig. 2.8b and Fig. 2.8c, respectively,
clearly illustrate that the moist component is dominant. The dry component is constrained to the
very lowest levels (Fig. 2.8b) with peak values being much smaller than those observed (Fig. 2.7¢).
Conversely, the moist component has peak values, slope, and vertical extent that are much closer
to that of the CTL (Fig. 2.8c). With that said, the dry component is not negligible. Furthermore, it
IS important to be cognizant that this analysis is only at a single time, which raises the question of
what role the dry component had at an earlier time. Did the dry component have much greater
strength earlier on? Did the LPF — CTL dry component at an earlier time initiate the LPF — CTL

moist component? These questions will be addressed in Section 2.4c.

Vertical velocity can also be calculated from the Sawyer-Eliassen analysis by using w =
‘;—15 (Fig. 2.9). Comparison of the total Sawyer-Eliassen derived vertical velocity (Fig. 2.9a) to that

of the 3D model output (Fig. 2.7c) indicates it is also accurate, though not to the degree of the
moisture convergence comparisons. The CTL vertical velocity derived by the Sawyer-Eliassen
method retains the sloped orientation and vertical extent but is biased low in magnitude. This is
attributed to the fact that it is a modestly convective region as indicated by the CAPE values (~300

J kgt; not shown), which is not accounted for by the Sawyer-Eliassen analysis. Similarly, while
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the slope and vertical extent of LPF perturbation vertical velocities are reproduced well, there is a
low bias in magnitude. It is important to note that the vertically upright orientation of LPF
perturbations (Fig. 2.9a) is reproduced very well in the Sawyer-Eliassen model implying that it is
not only due to convection but also a result of the forced ascent. As in the results for moisture

convergence, the vertical velocity is dominated by the moist component term at this time.

¢) Pseudo-Lagrangian Evolution of the Transverse Circulation

The transverse circulation analysis above applies only to one cross section at a single time,
so a complimentary analysis is undertaken by initializing backward trajectories from the central
point along the cross section of Figs. 2.7-2.9 to investigate a system-relative evolution of the
transverse circulation. At each point along each trajectory in Fig. 2.10a, a cross section is drawn
to be nearly perpendicular to the upper-level jet streak (not shown). This establishes a pseudo-
Lagrangian cross section time series for each trajectory. It is important to note that it is called
“pseudo-Lagrangian” because it assumes that the entire cross section moves together, which, of
course, is not the case. Despite this caveat, animations of the cross sections along the pseudo-
Lagrangian trajectory produce what seem to be an accurate depiction of how the system-relative

cross-section evolves (not shown).

While the pseudo-Lagrangian cross section time series can address whether the results in
Section 2.4b are applicable for other times, it does not address the spatial issue. A simple way to
investigate how the results from Section 2.4b may vary spatially is to initiate the backward
trajectory at the same point as in Fig. 2.10a, but at different times. Since the system is moving, this
will ensure that different portions of the AR are sampled. This was done for backward trajectories

initiated at 24h through 36h with each air parcel moving all the way backwards to the initial time
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at Oh (Fig. 2.10a). This method produces 13 pseudo-Lagrangian cross section time series each for

CTL and LPF from which the following analysis is comprised.

The strength of the Sawyer-Eliassen transverse circulation for each component is measured
from the maximum value of - for each time step along the pseudo-Lagrangian cross section. This
is repeated for each of the 13 pseudo-Lagrangian trajectories, and then averaged by aligning them
on the respective final trajectory times (Fig. 2.10b). Consistent with previous results, the strength
of the LPF — CTL vertical velocity is found to be substantially greater than that of the CTL.
Furthermore, the moist component is dominant from about 10h onwards in both the CTL and LPF;
the dry component remains very steady from beginning to end. This analysis shows that dominance
of the moist component of the transverse circulation applies not only to a single transect at a single
time, but consistently influences the dynamics of the transverse circulation for the system as a

whole.

A major benefit of creating a time series of the transverse circulation strength is that it
allows us to form conclusions about its evolution. It reveals that the LPF’s vertical velocity
enhancement is initiated from the moist component starting at about 12h (Fig. 2.10b), at which
time the slope of the LPF curve becomes greater than the CTL. Sustained LPF vertical velocity
growth continues up until about 26h at which point the CTL remains steady, and the LPF begins
to decline in strength. The CTL and LPF total vertical velocities are clearly controlled by their
respective moist components with the dry components providing a small, but steady contribution.
Both the CTL and LPF have very similar dry component strengths, indicating that the quasi-
geostrophic shearing and stretching environments are approximately the same between the

different runs.
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The decomposition of the moist and dry forcings in the Sawyer-Eliassen transverse
circulation analysis suggests the possibility of a positive feedback mechanism. Latent heating at
the developing frontal boundary provides a positive forcing to the Sawyer-Eliassen circulation.
This positive forcing in turn leads to moisture convergence, which may then drive further latent
heat release. While it is outside of the scope of this study to prove that this is indeed a feedback
mechanism, it is still clear that the dynamical component of the vertical velocity is highly

dependent on the nature of the moist processes and, thereby, on the moisture content.

d) Lagrangian Evolution of the Optimal Perturbations

Until this point, this study has been focused on the evolved perturbations with only some
minimal connections to the initial optimal perturbations. To address this gap, forward trajectories
are utilized to investigate how the optimally perturbed regions may connect to the downstream
processes described previously. Forward trajectories are initialized on the 700-hPa level, where
the largest moisture perturbations were made, at Oh in a 11x11 square block with a 40-km spacing
and centered on the maximum positive initial condition moisture perturbation (Fig. 2.11a). This
will enable the initial perturbations to be connected to the moist transverse circulation analysis
already discussed. It is clear from Fig. 2.11a that the LPF trajectories are more tightly clustered
than the CTL trajectories, consistent with stronger convergence from the enhanced transverse

circulation.

The average Lagrangian (along air parcel trajectory) moisture content, PV, and pressure
are shown in Figure 2.11b for the CTL and LPF. To ensure that the shape of the averaged curves
is representative of the individuals, each trajectory is shifted in time to match a clear rise in
moisture content (Fig. 2.11b, at 23h) immediately followed by a sharp decline, which is a feature

found to be present among all trajectories. The average time axis among all of the trajectories is
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used in order to provide a sense of the time scale. The three subplots in Fig. 2.11b illustrate a three-
phase sequence, which is not only very consistent with the previous results pertaining to the
transverse circulation, but also ties the sequence of events back to the initial perturbations. At the
start of phase | (6h to 20h), it is clear that the LPF air parcels have enhanced moisture content, a
direct result of the perturbation. As phase | progresses, both the CTL and the LPF moisture content
have a very small, but steady increase, with the LPF maintaining greater moisture throughout. No

substantial changes occur for PV or pressure during this phase for these trajectories.

Phase Il (20h to 24h) is short but distinctly indicates that the growth rate of the moisture
content in both the LPF and the CTL increases noticeably. During this time, a rise in PV indicates
that diabatic generation has begun, with the perturbed LPF exhibiting a substantially greater
increase than CTL. Both observations are consistent with the moisture convergence processes
previously described, which can cause an increase in moisture content and serve to diabatically
generate PV. Throughout phase Il, the air parcel pressure remains mostly steady with only a

modest decrease in height (increase in pressure).

Lastly, in phase Il (24h to 30h), the air parcels begin their rapid ascent in the warm
conveyor belt (Wernli and Davies 1997; Wernli 1997; Schemm et al 2013) which is also confirmed
from the plan-view sequence shown in supplemental 2.1. The PV reaches a maximum, and the
moisture content rapidly decreases, likely due to precipitation. During the first few hours of phase
111, the LPF ascent rate is initially much greater than that of the CTL and, in turn, it reaches a
higher overall elevation by 30h. The LPF’s enhanced ascent rate and PV is consistent with the
analysis of the transverse circulation in Sections 2.4b—c in that stronger moist processes lead to
greater ascent. This coherence suggests that the physical process leading to the observed

Lagrangian evolution in Fig. 2.11b are actually those described by the transverse circulation.
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A similar analysis is performed by initializing another 11x11 box of air parcels centered
on the negative moisture perturbation at approximately 26.5°5N, 135.5°5W. The parcel trajectories
(not shown) terminate in Southern CA and Northern Baja, Mexico (117W, 32N), which is outside
of the response function domain. Therefore, the Lagrangian approach to understanding the
mechanism for increasing precipitation is not applicable to this region, and the impact on
precipitation from these perturbations must be coming from changes to the evolving dynamics not
captured in a Lagrangian framework. For example, it may be that the negative perturbations are

associated with changes to the initial cyclone (AR wave 1) and not the frontal wave (AR wave 2).

The consistency between the Lagrangian evolution of the optimal moisture perturbation
with the enhancements observed in the transverse circulation provides a connection between the
initial perturbations and their downstream modifications of important physical processes. The
forward trajectory analysis supports the hypothesis that the positive moist optimal perturbations
are positioned, at least in part, to provide more moisture available for enhanced latent heat release.
Enhanced latent heating leads to an increase in the dynamical component of the precipitation
through the enhanced transverse circulation. This analysis demonstrates the utility of the
Lagrangian air parcel trajectory method in tracking the evolution of the optimal perturbations.
While outside the scope of this work, a future study could initialize air parcels in this way for

different areas within all the largest initial condition perturbation areas and track their evolution.

2.5 Conclusions and Discussion

This study is focused on understanding the nature of rapid perturbation growth in a tangent

linear model for an extreme landfalling AR. The perturbed tangent linear forecast (LPF) has been
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optimized following Doyle et al. (2019) to enhance the final 18h of the accumulated precipitation
in an area of California and within the constraints of analysis uncertainty. In agreement with
Cannon et al. (2018), the analysis presented here demonstrates that the precipitation enhancement
in the perturbed run is a result of both the enhanced orographic precipitation forcing and the
dynamic precipitation component. Importantly, evidence suggests that the enhancement of both
components originate from the same latent heating process, thereby making the precipitation

forecast particularly sensitive to errors in initial condition moisture content.

The sequence of events in which the moisture perturbations enhance precipitation is
illustrated schematically in Fig. 2.12. At T+00, the positive moisture perturbation is initiated on
the periphery of the AR where it is gradually fed into the developing frontal zone. Starting at T+12,
PV is diabatically generated at the frontal zone through moisture convergence and the subsequent
release of latent heat. The wind field responds to the PV anomaly by increasing/decreasing on the
warm/cool side of the front following Lackmann (2002), thereby leading to a local enhancement
of moisture transport. The transverse circulation responds to the latent heat release by
strengthening the moisture convergence and ascent at the frontal zone. During this development,
the moisture perturbation remains mostly unchanged and continues its way toward the front.
Finally, at T+24, the moisture perturbation reaches the frontal zone leading to substantial latent
heat enhancements. This additional heating enhancement, along with the sustained latent heating
independent of the perturbation, drives an even greater moisture transport through the generation
of a stronger PV anomaly, and an amplification in the transverse circulation as described by the

Sawyer-Eliassen model.

The observation that the initial moisture perturbation is fed into the region of moisture

convergence aligns well with the results of Reynolds et al. (2019) and Doyle et al. (2014, 2019).
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They found that the optimal perturbations within ARs exhibit upshear tilts which can extract
energy from the mean flow through the PV unshielding mechanism. The results presented here are
consistent with the hypothesis that the physical “reason” why the moist adjoint sensitivity adds
moisture within the AR for this case is so that it may serve to enhance latent heating processes and

thereby enhance both the orographic and dynamic components of the precipitation.

Clearly, moist processes are critically important in the development of the strong transverse
circulation, which is itself responsible for the strong moisture convergence and latent heating.
Since the Sawyer-Eliassen model is also forced by a latent heating term, these results suggest a
feedback mechanism whereby the latent heating is both a source and a consequence of the
transverse circulation. This may be important from a predictability standpoint because it
demonstrates a mechanism by which small changes in the initial moisture content can lead to large
changes in the forecast downstream. For example, targeted observational campaigns should closely
consider sampling in the moist regions which feed into the transverse circulation since any error
in those regions can grow substantially. Furthermore, since the transverse circulation is frequent
component of ECs, and ECs are often accompanied by ARs (Zhang et al. 2018), the results of this

case study are likely to be representative of a large number of ARs.
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Tables and Figures

Table 1: The descriptions of acronyms used in this study.

Acronym Description

CTL Control nonlinear forecast

LPE Linear Perturbed Forecast: The sum of the control nonlinear forecast and
the optimal perturbation evolved using the Tangent Linear Model.
Nonlinear Perturbed Forecast: The nonlinear forecast run from an analysis

NPF S . - : .
which is the control analysis plus the initial optimal perturbation.

LPF — CTL Linear Perturbation: The optimal perturbation evolved using the Tangent
Linear Model, equivalent to the difference between CTL and LPF.

NPF — CTL Nonlinear Perturbation: The difference between CTL and NPF.
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Initialized: 0000 UTC 7 Jan 2017

20°N
180°W
5ON

d) F+36hr

By

e — s | SSSS—
300 500 700 1000 1400 25 30 35 40 45 50 55 60 65 70 75 80 85 90
IVT [kg s' m] 250 hPa Windspeed [m s™]

Figure 2.1: Plan-view maps every 12 hours of the a)—e) control run IVT (kg s-1 m-1; shaded) and
925-hPa potential temperature (contour interval of 2 K; solid gray), and f)—j) 250-hPa wind speed
(m s-1) and SLP (contour interval of 4 hPa; solid black). The surface fronts are shown in (a — d)
with the cold front in black dashed and the warm front in solid black. The location of a transect for
Figures 2.7-2.9 is shown in (i) as a solid black line. The “W1” and “W2” labels refers to different
AR waves, and the “C” label refers to a developing secondary cyclone (see text for discussion).
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48-h Accumulated Precipitation
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Figure 2.2: Plot of the a) Stage-1V and b) CTL 48-h accumulated precipitation (mm), and c) linear
perturbations (LPF minus CTL) and d) nonlinear perturbations (NPF minus CTL) 48-h
accumulated precipitation difference fields. The response function box is shown in the solid black
box. The thick horizontal dotted black line across the response function box in c) separates the
precipitation enhancement and reduction regions used in Figure 2.4 within the box. The
precipitation enhancement is identified in c).
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Initial Condition Perturbations: 0000 UTC 7 Jan 2017
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Figure 2.3: The initial condition perturbations for the a) 850-hPa wind speed with IVT contours
(kg s-1 m-1; shaded), b) 850-hPa mixing ratio, (g kg-1; shaded), c) 500-hPa wind speed (m s-1;
shaded), and d) 500-PV with the LPF-CTL in solid black (positive) and dashed black (negative)
contours for each respective field. The solid gray contours in each plot are the equivalent potential
temperatures on the respective levels with contour interval (ci) = 4 K and five passes of a 5-point
local smoother applied.
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Figure 2.4: Time series of average accumulated precipitation (black) and the IVT (blue) within the

sub-region of Figure 2.2c (see text). The control (CTL) run is shown in the solid lines and the
linearly perturbed (LPF) run in dashed.
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Evolved Perturbations Initialized: 0000 UTC 7 Jan 2017
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Figure 2.5: Plan view every 4 hours beginning from 24 h of the 850-hPa a)-d) wind speed (m s-1;
shaded) , and e)-h) water vapor mixing ratio (g kg-1; shaded). The LPF-CTL fields are shown in
black with solid being positive and dashed being negative values. The approximate position of the
low-pressure center of the developing secondary cyclone is labelled “L” and the warm front
indicated by the thick black curved line. The position of a transect used in Figs. 2.7-2.9 is shown
in ¢) in the thin black straight line.
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Evolved Perturbations Initialized: 0000 UTC 7 Jan 2017
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Figure 2.6: Plan view every 4 hours beginning from 24 h of the 850-hPa a)-d) PV (PVU; shaded)
, and e)-h) moisture convergence (10-3 g kg-1 s-1; shaded; positive is converging). The LPF-CTL
fields are shown in black with solid being positive and dashed being negative values. The
approximate position of the low-pressure center of the developing secondary cyclone is labelled
“L” and the warm front indicated by the thick black curved line. The position of a transect used in
Figs. 2.7-2.9 is shown in c) in the thin black straight line.
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F+ 30 hr, Initialized: 2017010700, Valid: 0600 UTC 8 Jan 2017
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Figure 2.7: Cross sections at 30 h along the transect shown in Fig. 2.5¢ with “NW” being the
northwest side and “SE” being the southeast side of a) wind speed (m s-1; shaded), b) PV (PVU;
shaded), ¢) negative omega (Pa s-1; shaded), d) mixing ratio (g kg-1; shaded), and €) moisture
convergence (10-3 g kg-1 s-1; shaded). The LPF-CTL fields are shown in black with solid being
positive and dashed being negative values. The sub plot below each transect shows the
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F+ 30 hr, Initialized: 2017010700, Valid: 0600 UTC 8 Jan 2017
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Figure 2.8: Cross sections at 30 h along the transect shown in Fig. 2.1i of the Sawyer-Eliassen
derived moisture convergence (10-3 g kg-1 s-1; shaded) for the a) total, b) quasi-geostrophic (dry)
component, and c) diabatic (moist) component. The LPF-CTL fields are shown in black with solid
being positive and dashed being negative values.
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Figure 2.9: Cross sections at 30 h along the transect shown in Fig. 2.1i of the Sawyer-Eliassen
derived vertical velocity (10-3 g kg-1 s-1; shaded) for the a) total, b) quasi-geostrophic (dry)
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component, and c) diabatic (moist) component. The LPF-CTL fields are shown in black with solid
being positive and dashed being negative values.
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Figure 2.10: a) Plan-view of the initial time IVT (kg s-1 m-1; color fill) and SLP (contoured every
4 hPa; solid gray) with the backward trajectories of the CTL (black) and LPF (blue). The hourly
locations of the air parcels are shown in the filled circle along each trajectory. The final time
transect is shown as a reference in the solid black line. The trajectories are initialized at 700 hPa
and are separated in time at one hour intervals starting from 24 h to 36 h. b) The average Sawyer-
Eliassen -o (hPa s-1) along the trajectories shown in a). The total value of - is in black with the
moist component in red and the dry component in blue. The CTL is shown in the solid lines with

the LPF in the dashed.
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Figure 2.11: a) A plan-view of the initial time IVT (kg s-1 m-1; color fill), SLP (contoured every
4 hPa; solid gray), and initial condition LPF-CTL (black contours with solid being positive and
dashed being negative values). Forward trajectories are shown for CTL (black) and LPF (blue)
with the initialization points shown in black filled circles. b) From top to bottom: the mixing ratio
(g kg-1), PV (PVU), and pressure (hPa) following the air parcel trajectories shown in a) for the
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CTL (solid, black) and LPF (dashed, blue). The average of all trajectories is shown in bold with

one standard deviation from the mean shown in the transparent color fill. The trajectories in b) are
shifted in time to center each trajectory on the same feature (described in text).
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Figure 2.12: A pseudo-4D schematic illustrating the evolution of cross sections in an AR relative
reference frame. The IVT values of the AR are shown in the yellow to red shading (small to large
values respectively). The cross sections show potential temperature (gray contours), the LPF
moisture perturbation (black contours), and the transverse circulation in plane of the cross section
in the black arrows with the strength indicated by the length and arrow thickness.
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Supplemental 2.1: Plan-view maps every 6 hours of the LPF IVT (kg s* m; shaded), the
SLP (contour interval of 4 hPa; solid gray), and the air parcel positions at each time step.
Panel (a) also has the initial condition LPF-CTL mixing ratio (black contours with solid
being positive and dashed being negative values). Panels (e-f) show the position of the
secondary cyclone with “C” and the position of the warm front with the thick solid black

line.
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Chapter 3: The Circulation Response of a Two-Dimensional Frontogenetic Model

to Optimized Moisture Perturbations

Abstract

An analysis of the influence and sensitivity of moisture in an idealized two-dimensional
moist semigeostrophic frontogenesis model is presented. A comparison between a dry (relative
humidity, RH=0%) and moist (RH=80%) version of the model demonstrates that the impact of
moisture is to increase frontogenesis, strengthen the transverse circulation (u,4, w), generate a
low-level potential-vorticity anomaly and develop a low-level jet. The idealized model is
compared to a realistic case simulated with the full-physics three-dimensional Coupled Ocean-
Atmospheric Mesoscale Prediction System (COAMPS) model establishing good agreement and
thereby confirming that the idealized model retains the essential physical processes relevant for
improving understanding of atmospheric rivers. Optimal perturbations of mixing ratio are
calculated to quantify the circulation response of the model through the computation of singular
vectors, which determines the fastest-growing modes of a linearized version of the idealized
model. The vertical velocity is found to respond strongly to initial-condition mixing-ratio
perturbations such that small changes in moisture lead to large changes in the ascent. The
progression of physical processes responsible for this nonlinear growth is (in order): jet/front
transverse circulation - moisture convergence ahead of the front - latent heating at mid-to-low
elevations = reduction in static stability ahead of the front = strengthening of the transverse

circulation, and the feedback cycle repeats. Together, these physical processes represent a pathway
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by which small perturbations of moisture can strongly impact a forecast involving midlatitude
frontogenesis.
3.1 Introduction

Improvement in Atmospheric River (AR) prediction is important to water-resource
managers in many locations, perhaps most prominently California (CA) due to the state’s large
population and its dependence on the arrival, or lack thereof, of just a handful of precipitation
events per year (Dettinger 2013; Ralph et al. 2013; Dettinger and Cayan 2014; Ralph 2017; Lamjiri
et al. 2017, 2018). DeFlorio et al. (2018) performed an assessment of global landfalling ARs at a
2-day lead time finding that fewer than 75% of the European Centre for Medium-Range Weather
Forecasts (ECMWF) ensemble members predicted AR landfall within 250 km of the actual
location. This error provides motivation to work towards improving not only the magnitude of the
water-vapor content in the AR, but also its position. Improvements in AR prediction can be
subdivided into two broad categories, improving i) numerical-prediction systems, and ii) the data

used to initialize the prediction systems; this study is concerned with category (ii).

Advances in research on initial conditions are being made through the AR Reconnaissance
(AR-Recon) program which targets ARs using airborne instruments with emphasis on in situ
dropsondes (Ralph et al. 2020). Choosing optimal aircraft tracks and dropsonde locations,
however, is difficult because it is not always clear where additional observations are most likely
to improve the analyses and subsequent forecasts. Initial-condition sensitivity analyses provide
guidance towards designing the flight tracks by objectively determining where small errors can

grow the largest for each storm individually.

Reynolds et al. (2019) used the Naval Research Laboratories (NRL) moist adjoint modeling

system to evaluate the sensitivity of AR forecasts from January to February 2017. They found that
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the accumulated precipitation forecasts were most sensitive to errors in and around the AR with
the largest sensitivities being associated with the moisture field followed by temperature and
winds. These results are consistent with the results of Doyle et al. (2014) and Doyle et al. (2019)
for Atlantic extratropical cyclones (ECs) which, also using the NRL moist-adjoint tool,
demonstrated that perturbations in regions having high moisture sensitivity lead to a coupling of
the upper- and lower-level potential vorticity (PV) through a process known as PV unshielding.
These studies were followed by Demirdjian et al. (2020a) which investigated other dynamical
mechanisms leading to the growth of moisture perturbations using the NRL moist-adjoint system
for a strong landfalling Pacific AR. The optimal perturbations in this case lead to a substantial
growth in the low-level latent heating which i) amplified the diabatically driven low-level PV
anomaly leading to the formation of a low-level jet (LLJ), and ii) intensified the jet/front transverse
circulation leading to substantially stronger updrafts. These dynamical interpretations of the
sensitivity fields are consistent with Cannon et al. (2020), who investigated the “importance of
frontally forced precipitation on atmospheric heating tendencies.” The adjoint tool provides a
reliable methodology to quantitatively determine the forecast sensitivities, but it is left to the
forecaster and researcher to interpret the dynamical origins and impacts of these sensitivity fields,
especially if they are to be used to inform observing strategies and design flight-planning

operations.

While sensitivity tools do provide guidance towards observing strategies, the impacts of
the observations can only be quantified after the event. Stone et al. (2020) examined the impact of
assimilating dropsonde observations into the Navy Global Environmental Model (NAVGEM)
finding that the dropsondes had an overall relatively large beneficial impact with the per dropsonde

impact being more than double that of the North American radiosonde network. Zheng et al. (2020)
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documented the existing observational data gaps within ARs finding that, due to cloud cover, much
of the satellite data measured for ARs is not used, which may increase the impacts of dropsondes
consistent with the findings of Stone et al. (2020). The present work compliments these studies by
focusing on the basic understanding of dynamical mechanisms that govern the growth of initial-

state perturbations, which has an important influence on later-stage error growth.

The goals of the present study are to: i) investigate the dynamics responsible for moist-
perturbation growth, and ii) quantify the relation between the moisture-perturbation amplitude and
the strength of the circulation response. While other studies have looked at the dynamical
mechanisms for perturbation growth associated with ARs, this study is unique because it uses an
idealized two-dimensional model that simplifies the physical processes and makes the
interpretation of the moisture-perturbation impacts to the system dynamics much more transparent.
Furthermore, the method of optimal perturbations explored here makes it possible to isolate the
impacts of the moisture perturbations. An increased understanding the dynamics associated with
the growth of moist perturbations in a simplified system will lead to a more complete

understanding of AR dynamics and forecast challenges.

3.2 Methods
a. Frontal Model
This study explores a variant of the idealized semi-geostrophic two-dimensional
frontogenetic confluence model developed by Hoskins and Bretherton (1972) and used later in
Hoskins (1975), Hoskins and West (1979), Hoskins (1982), Thorpe and Emanuel (1985), and
Snyder et al. (1991). The model is based on the geostrophic coordinate transformation described

by,
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X=x+ Z=z, T=t (3.1)

where V is the geostrophic along-frontal wind component, and (x,zt) are the Cartesian
coordinates in physical space. The model was evolved forward in time by solving prognostic

equations for the potential vorticity and mixing ratio given by,

D S Dr ¢
_q=£_’ —=21Lg (3.2)
DT poZ pr L,

where q is the potential vorticity, ¢ is the relative vorticity, p is the density, r is the mixing ratio,
¢, is the dry specific heat capacity, L, is the latent heat of water vaporization, S is the latent heating
rate, and D/DT = d/dt + U, 0/0X +w d/0Z. After the evolution of these fields, diagnostic
quantities were calculated using the geopotential-height and Sawyer-Eliassen equations given
respectively by,

0% N 0of3 0%
0X?  gpq 0Z?

= f2 (33)

d (10 0 d aS
0Z\pdZ) 0X\f36,0X f20,0X

where ) is the ageostrophic streamfunction, g is the gravitational acceleration, f is the Coriolis

parameter, 6, is the base-state potential temperature, Q is the Q-vector, and @ is the geopotential

height. Finally, the remaining diagnostic quantities were calculated using the following relations,
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where u,, is the ageostrophic across-front wind component, w is the vertical wind component,

and q, is the equivalent potential vorticity. Thorpe and Emanuel (1985) observed that the latent

heating (S) is dependent on the solution of 1 and accounted for this by rearranging the Sawyer-

Eliassen (3.4) as follows,

S0 e - o

Paz\paz) " ax\f3e,ax (3.11)

where,

b. Numerical Setup
The model is on an A-grid extending from —mLgl™! to mLgl™* (approximately -2500 km
to 2500 km) with 60 grid points (~80-km grid interval) in X and 0 to 10000 m with 45 grid points

(~200-m grid interval) in Z. The prognostic equations were solved using a leapfrog integration
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with a 15-minute time step and the Robert-Asselin filter (Robert 1966; Asselin 1972) applied to
reduce numerical instabilities. The initialization parameters used are 8, = 292 K, N> = 10™*

(Brunt-Vaisala Frequency), p = 1.23 kg m™3, f = 10™*,a = 1075, a prescribed pressure field of

_0_755 .. . .. - fNZQO ~ -1
p = 1000e H, and constant initial potential vorticity with q, = 5, = 242 x107*PVU.

The boundary conditions for the Sawyer-Eliassen partial differential (3.4) are simply y =
0 on all boundaries physically meaning that w = 0 on the top and bottom boundaries and u,, = 0
on the left and right boundaries. The boundary conditions for the geopotential-height partial

differential are,

dp _ g . 1
7= o (8000 sInCHD) + 5 X,00,0,) (3.12)
on the bottom,
dp g . 1 Z
Z= 0, (Aewp sin(X,0) + EXtA0t0p> + N2 I (3.13)
on the top,
gH[1X zZ 1 Zy? 12,2
b=\ 21 (800ac gy +5 000, = 20000) (3) ) | +58°2 (3.14)
for the left boundary, and
gH[1X zZ 1 Zy? 12,2
6=, | 51 (0o +5 (000 =000 (7) ) | + 332 (3:19)

for the right boundary. Where X, = Xe®T /Lg, Ly = % is the Rossby radius of deformation, | =

1.1358 is a horizontal scaling factor, A8,,, = 3 K scaled the bottom-boundary potential-

temperature gradient, A8,,, = 6 K scaled the top-boundary potential-temperature gradient, and
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H = 10 km. The method of successive over-relaxation was used to solve the Sawyer-Eliassen and
geopotential height partial differential equations which were set to converge when the error values
reached Y = 107%2kg m~1s~ 1 and ¢ = 1078 m? s~2, respectively. The model was also validated
using the same boundary conditions presented in Thorpe and Emanuel (1985) which resulted in

figures identical to theirs thereby providing confidence in our numerical routines.

c. Optimal Perturbation Method
A quantitative method was used to determine the optimal initial-condition perturbations of
any field (water-vapor mixing ratio in this study) which maximizes a given response function
(vertical velocity). The method determines the fastest-growing modes of a linearized version of
the idealized model by computing a singular value decomposition. Following Moore and Kleeman
(1997) and Peng et al. (2006), the full nonlinear model described in section 3.2b may be written

as,

X = M(xo) (3.16)
where x; is the evolved state vector at time t, M is the nonlinear model, x,, is the initial-condition

state vector, and bold font represents a vector. A perturbation at the initial time takes the form,

M(xO + Axo) = M(xo) + L+ Axo + O(A.XO)Z (317)
where Ax, is the perturbation at the initial time, L is the tangent linear model (TLM; also called
the linear forward propagator), and 0(4x,)? represents the higher-order terms of the model at

time t. Assuming that the higher-order terms are negligible, the TLM may be written as,

L = (X, AXT)(AXoAXE) ™ (3.18)
where the superscript “T” represents the transpose. The bold capital "X" represents the ensemble

matrix not to be confused with the coordinate "X" in section 3.2b. This formulation is necessary in
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the case where the ensemble perturbation matrix AX, is not orthonormal so the inverse is not
trivial. If it is not full rank, then its inverse is approximated by a pseudo-inverse. Equation (3.18)
allows for the approximation of the linear tangent model with an ensemble set of runs without the

requirement of finding it analytically, which can be difficult.

The ensemble was composed of a set of two-dimensional gaussian mixing ratio

perturbations each given by,

(X—Xg)?  (Z-2Zy)?
Axg=Ae %% 29 (3.19)

where A = 0.5 g kg™, 04 = 1000 km, and o, = 1 km. The ensemble was formed by spacing
each member by a two e-folding distance apart which amounts to spacing the perturbation center
locations X, and Z, approximately every 800 km and 800 m respectively. This required a 30-
member ensemble be run to form the full set of AX,, and AX,. The estimated optimal perturbation

vectors are restricted to being linear combinations of these perturbations.

Finally, the optimal perturbations were determined by calculating the fastest-growing

linear modes of L which was done through a singular value decomposition given by,

L=sSiwT (3.20)
where, S is a matrix containing the left singular vectors, 4 is a diagonal matrix containing the
singular values, and W is a matrix containing the right singular vectors. Descriptively, the right
singular vector represents the optimal perturbations with the left singular vector being the evolved
linear state of those perturbations and the singular values being the amplification factor of the
perturbation compared with the (RH=80%) control run (see Diaconescu and Laprise 2012 for a

thorough background of singular vectors).
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d. COAMPS Model
The NRL Coupled Ocean-Atmospheric Mesoscale Prediction System (COAMPS; Hodur
1997; Doyle et al. 2014) model is used to compare the physical processes contained within the
solution of the two-dimensional idealized model with a realistic case. COAMPS is a nonlinear,
nonhydrostatic, compressible, terrain-following model run on a grid of 221 x 161 grid with a grid
spacing of 40 km on a Lambert conformal grid with 70 vertical levels. For a full description of the
parameterizations and physics packages, see Doyle et al. (2012, 2019). For a detailed description

of the specific run used in this study see Demirdjian et al. (2020a).

3.3 Results
a. The Moist Control Simulation
The control simulation was initialized with a relative humidity (RH) of 80% everywhere
resulting in a mixing ratio maximum of 15.4 g kg and a minimum of 1.1 g kg*. The evolution of
the control simulation is shown in Fig. 3.1 from forecast hour 6 and ending at hour 42. The model
was initialized with a geostrophically balanced upper-level jet (Fig. 3.1a), a constant potential
vorticity field (Fig. 3.1b), a weak transverse circulation (Fig. 3.1c) which is forced entirely by the
quasi-geostrophic Q-vector at early times, and a moisture field with greater content weighted
towards the warm sector (Fig. 3.1d). All fields were transformed from geostrophic to Cartesian

coordinates using x = X =V /f.

Twelve hours later at 18 h (Figure 3.1e-h), the baroclinicity has strengthened, the along-
front geostrophic wind has intensified, the vertical circulation has strengthened substantially, the
moisture begins to converge towards the center, and a weak but visible surface-PV anomaly has

developed below the maximum in latent heating. The evolution up until this time is driven
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primarily by the “dry” prescribed confluence rate since too little time has passed for moist

processes to act strongly.

Another 12 hours later at 30 h (Figures 1i-1), the latent heating has further intensified
causing the strengthening of the surface-PV anomaly. A cyclonic circulation has formed centered
at x = 400 km in response to the PV anomaly as can be seen by the development of the low-level
jet (LLJ) on the south (right) side of the PV and a weakening of the wind of the north (left) side.
The sustained latent heating also leads to a weakening of the static stability thereby allowing for
the vertical velocity to continue to intensify. By this time, the moist processes have grown to
sufficient strength to begin to affect the evolution of the circulation in a noticeable way (described

in more detail in section 3.3b).

At the final time 42 h (Figs. 3.1m-p), a continued progression of the same processes is
observed leading to a strong LLJ with peak amplitude of ~20 m s at the surface, a large surface
PV anomaly having amplitude of 1 PVU, a strong latent heating rate ahead of the front having
amplitude of 8 K day?, a convergence of moisture along the frontal zone, and a sharp narrow
updraft ahead of the front having amplitude of about 3 cm s™. The control simulation demonstrates
that the idealized model can reproduce the physical processes consistent with the basic

meteorological understanding of frontogenesis.

b. Dry vs. Moist Run
An analysis of a dry versus a moist version of the model was performed to isolate the
impacts of moisture on the solution. The dry version set RH = 0% while the moist version set RH
= 80% everywhere in the model domain (same run as in Fig. 3.1). The impact of moisture is clearly
shown in Fig. 3.2 for the along-front geostrophic wind at 42 h. The solution in the moist run (Fig.

3.2b) results in a stronger frontal temperature gradient and the development of a LLJ. The dry case

85



develops only a weak LLJ consistent with the hypothesis that the LLJ is a direct response of the
surface PV anomaly (Lackmann 2002) which has much stronger development in the moist case
(Fig. 3.1). Further support of this hypothesis is found in the fact that the dipole in the along-front
geostrophic-wind differences (Fig. 3.2a) is centered exactly on the surface-PV anomaly seen in

Fig. 3.1n.

Similarly, a comparison of the across-front ageostrophic wind for the dry and moist cases
is shown in Fig. 3.3. The moist run exhibits noticeably stronger ageostrophic wind magnitudes as
well as a strong x-gradient of the ageostrophic wind (du,g4/dx). Perhaps the greatest difference
between the two runs is seen in the vertical velocity field (Fig. 3.4); the moist run exhibits an
updraft which is much narrower and about 3x as strong as the dry runs. This is a direct result of
the strong latent heating which acts through the moisture term of (3.4). The role of latent heating
within the Sawyer-Eliassen transverse circulation is to reduce static stability which reduces the
resistance to vertical motion thereby allowing for a more vigorous updraft to develop and a
stronger across-front wind component. In turn, the more vigorous transverse circulation leads to
stronger latent heating (3.8) and a simple feedback process is established which allows the system

to intensify quickly.

c. Comparison with COAMPS
It is important that the physical processes contained within this idealized two-dimensional
model have realistic solutions so that concepts learned here may be applied to real cases with
greater complexities. A comparison between the two-dimensional idealized run with the full
physics COAMPS model was performed for validation purposes. The case selected for the

validation is the same one used in Demirdjian et al. (2020a) because it i) has strong frontogenesis,
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ii) is a strong AR case, and iii) was readily available at the high temporal output (15 minute)

required for the trajectory analysis described below.

The two-dimensional idealized model implicitly assumes a transect that follows the mean
flow of the system. To facilitate a fair comparison between the two models, a Lagrangian air-parcel
trajectory analysis was performed on the COAMPS model to follow a transect along as it is
advected by the mean flow. Backward trajectories were calculated using the same algorithm used
in Demirdjian et al. (2020a) starting from a point along the final time (42 h) cold front (Fig. 3.5b).
The sensitivity of the backward trajectory to the starting location was investigated by shifting the
starting location up and down by 2 degrees along the transect with the resulting changes in
trajectory and subsequent figures showing little change. The backward trajectory initialized at the
center of the transect in Fig. 3.5b leads to the transect center shown in Fig. 3.5a. Feature tracking
between Fig. 3.5a and Fig. 3.5b of the integrated vapor transport (IVT) object from 42 hto O h is
misleading because it appears as though the transect crosses the IVT object maximum at 42 h but
not at 0 h. However, a closer examination of the feature tracking (Supplemental 3.1) demonstrates
that the trajectory algorithm does indeed track the IVT maximum and that the reason for this
misleading tracking is due to the development of a secondary cyclone and reinvigoration of the

AR sometime between 0 h and 42 h.

The COAMPS Lagrangian transects are shown in Fig. 3.6 along with the moist (RH = 80%)
control run of the two-dimensional idealized model for comparison. At time 0 h, the COAMPS
model has a zone of weak baroclinicity accompanied by a weak upper-level jet (Fig. 3.5a, 3.6a).
Similarly, at time 0 h the idealized model has approximately the same magnitude baroclinicity but
with a moderately stronger upper-level jet (Fig. 3.6b). By time 42 h, the COAMPS run (Fig. 3.5b,

3.6¢) has undergone mid-level frontogenesis (centered on ~6 km elevation) leading to a substantial
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increase in the upper-level jet strength. Furthermore, a low-level cyclonic circulation is seen to
develop with an LLJ on the southeast (right) side and a reduction in the wind speed on the
northwest (left) side centered at about x = 2200 km. Similarly, by 42 h the idealized simulation
(Fig. 3.6d) has undergone frontogenesis from top to bottom which has led to the intensification of
the upper-level jet, though not as strongly as in the COAMPS jet. A low-level cyclonic circulation
is also observed to develop causing the formation of an LLJ of similar magnitude and relative
location (relative to the front and upper level jet) as in the COAMPS run. In both simulations, this
low-level cyclonic development is a response to the development of the low-level PV anomaly
(Supplemental 3.2) as discussed in section 3.3a,b. Finally, the mid-level frontogenesis (centered
on ~6 km elevation) is observed to be of similar strength between the two simulations as witnessed
in Fig. 3.6¢,d. The discrepancy in surface frontogenesis between the two models is explained by
the fact that the idealized model does not have a boundary layer while the COAMPS model is

equipped with complex boundary-layer physics which are not represented in the idealized model.

The good agreement between the idealized model with the full-physics nonhydrostatic
COAMPS model suggests that the simplified physics contained within the idealized model is

sufficient for the study of the basic frontogenetical processes within ARs.

d. Optimal Perturbations
The method of objectively determining the optimal perturbations described in section 3.2c
was used by solving for the initial-condition mixing-ratio perturbation (optimal perturbation)
which maximizes the final-time vertical velocity (i.e. the response function). In terms of the
singular-vector terminology (section 3.2c), the mixing ratio is the right singular vector and vertical
velocity is the left singular vector as shown in Fig. 3.7 on the full model domain which is larger

than that shown in Figs. 3.1-3.4,3.6. Physically speaking, Fig. 3.7 describes a linearized version of
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the two-dimensional idealized nonlinear model in which mixing-ratio perturbations at 0 h of the
form shown in Fig. 3.7b are mapped onto the evolved vertical velocity perturbations at 42 h shown
in Fig. 3.7a. It is important to emphasize that “perturbation” is used here as meaning the difference
of the perturbed run from the moist control run used in sections 3.3a-c. In this context, positive
values of any of the difference fields shown in the following figures indicate that the perturbed-
run field is greater than that in the control. Additionally, the second leading singular vector was
used because the primary leading SV mode quickly created strong negative PV, invalidating the
model assumptions and creating numerical instabilities. The second SV does not lead to as large
of a negative PV signal and thereby allows for longer run times. Despite this, it is justified to use
the second leading SV because the goal of the study is to determine if the model is sensitive to

small amplitude moisture perturbations and not necessarily what form the distributions take.

The optimal perturbation distribution is used to create an ensemble of perturbation runs by
scaling the optimal perturbation from Ox to 15x every 1x with the 1x, 8%, and 15x scaling shown
in Fig. 3.8. The purpose of this ensemble is to quantify the idealized model’s circulation response
to the perturbation amplitude. The moisture evolution out to 36 h of the ensemble members is
shown in Fig. 3.9. This end time is chosen because it represents the common time at which none
of the members have become numerically unstable due to the generation of negative PV and also
provides a sufficient amount of time for the perturbations to grow and affect the model. Only final
times are shown in Fig. 3.9 because prior to 24 h each of the perturbation runs look identical (not
shown) highlighting the fact that the initial-condition perturbations only made small changes to
the basic state which later became amplified. Figure 3.9 demonstrates that the optimal moisture
perturbation evolves to increase the amplitude of the vertical gradient of mixing ratio (dr/dz)

ahead of the front. Latent heating is directly related to the strength of dr/dz as seen in (3.8) and
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this relationship is clearly observed in Fig. 3.10. Since the Sawyer-Eliassen transverse circulation
is forced by the latent heating, increased latent heating drives an increase in ascent rate by reducing
the static stability (Fig. 3.11). Additionally, the vertical velocity of the non-linear model (Fig. 3.11)
correlates well having r = 0.6 with that of the linearized model (Fig. 3.7a; note different domain

size) indicating that the linearity assumption made in the optimal perturbation analysis is valid.

Another by-product of the ensemble members’ latent-heating increase is the intensification
of the surface-PV anomaly (Fig. 3.10). Since the PV anomaly is stronger, the along-front
geostrophic-wind response is also stronger (Fig. 3.12) leading to an intensification of the LLJ in
the perturbation runs compared with the control. Interestingly, a negative along-front geostrophic
wind field is observed in the strongest ensemble member centered on x = 700 km (Fig. 3.12). The
latter feature in the wind field forms as a result of the generation of a negative surface-PV anomaly

seen to be centered on x = 500 km which has the opposite circulation response (positive V; on the

left and negative on the right) as the positive PV anomaly. Importantly, the optimal moist
perturbations maximize the vertical velocity and an intensification of the along-front circulation

through a stronger LLJ as a byproduct.

The question arises as to whether the circulation responds linearly or nonlinearly to the
increasing amplitude of the optimal moisture perturbations within the ensemble. The maximum in
perturbation vertical velocity at 36 h is plotted as a function of the domain-maximum mixing-ratio
perturbation at 0 h demonstrating the clear nonlinear relationship (in Fig. 3.13a). Doyle et al.
(2014) states that the dropsonde uncertainty range due to measurement error for relatively humidity
is 10% which converted to mixing ratio is 1.5 g kg™* at 925 hPa. This indicates that the perturbation
sizes used here are within a realistic forecast uncertainty range. This nonlinear response to the

moisture perturbations is also seen in Supplemental 3.3 where a linear regression was used to
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remove the linear component from the total with the residual being the nonlinear component.
Given a change of about 10% to the initial condition mixing ratio, the largest increase in the vertical
velocity for the optimally perturbed runs is about 200% relative to the moist (RH=80%) control
run and about 600% relative to the dry (RH=0%) control run. Finally, the change in the amount of
domain-total latent energy due to the optimal perturbations is investigated in Fig. 3.13b. Overall,
the change in the latent energy is actually decreasing by a small amount < 0.1% demonstrating that

the rearrangement of initial-condition energy can have a large impact on the final-time forecast.

3.4 Conclusions and Discussion

This study is focused on the understanding of how relatively small moisture perturbations
can affect the evolution of a frontogenetic system simulated using an idealized two-dimensional
semi-geostrophic model following Hoskins and Bretherton (1972), Hoskins (1975), Hoskins and
West (1979), Hoskins (1982), Thorpe and Emanuel (1985), and Snyder et al. (1991). The effects
of moisture were first investigated through a comparison between a dry (RH=0%) and moist
(RH=80%) run where the moist frontogenesis and resulting circulation was found to be
substantially stronger, even producing a low-level jet (LLJ) consistent with other studies (Thorpe
and Emanuel 1985; Lackmann 2002). The idealized model was then compared against the full
physics three-dimensional Coupled Ocean-Atmospheric Mesoscale Prediction System
(COAMPS) model in which good agreement between the two demonstrated that the idealized
model retains the essential physics for the purposes of this study. Optimal perturbations of moisture
were calculated using the singular value decomposition (SVD) method and a 16-member ensemble
was created by scaling the perturbations from an amplitude of 0 g kg to about 1.7 g kg. The

vertical velocity response at 36 h was found to depend nonlinearly on the mixing-ratio-perturbation
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amplitude at 0 h demonstrating a pathway by which small moisture perturbations can substantially

impact a forecast.

A schematic representation of the important physical processes contained within the moist
frontogenetic run is shown in Fig. 3.14. The evolution of the transverse circulation leads to
moisture convergence centered at the baroclinic zone. The moisture convergence is followed by
ascent and latent heating at a low-to-mid levels and above the surface. The potential temperature
adjusts to the latent heating by decreasing d6/9dZ and thereby the static stability. The reduced
static stability allows for a strengthening of the transverse circulation and the entire cycle just
described is repeated with greater intensity. The optimal perturbation method appears to have
targeted this feedback process allowing for the moisture perturbations to have maximum impact
on the vertical velocity. This was achieved in a twofold manner: i) by creating a distribution which
increases the vertical derivative of mixing ratio (and thereby latent heating from eq. 8), and ii) by
positioning the distribution on the warm side of the front whereby the background confluence
could advect it towards the ascent region and contribute towards the latent heating rate. Another
important but incidental circulation response to the optimal moisture perturbations was in the

intensification of the LLJ through the strengthening of the surface-PV anomaly.

The physical processes outlined in Fig. 3.14 demonstrates that the frontogenetic circulation
can respond to moisture perturbations by increasing both the vertical and horizontal along-front
circulation. Following Alpert (1986) and Lu et al. (2018) the precipitation can be decomposed into
a dynamic component (synoptic and mesoscale ascent) and an orographic component (water vapor
transport interacting with orography). Using this framework, the idealized model’s vertical
velocity represents the dynamic component and the horizontal along-front geostrophic wind

represents the orographic component. The precipitation of a frontal system is thereby highly
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sensitive to initial-condition moisture content because it can simultaneously affect both
components of precipitation consistent with other studies (Cannon et al. 2018; Demirdjian et al.
2020a). This physical argument of a strong precipitation-forecast dependence on the initial-
condition moisture content highlights the importance of proper observing-system operational
planning in regions like the Pacific which otherwise would have vast areas without any vertically
resolved moisture data. Additionally, the nonlinear relationship between vertical velocity and
initial-condition moisture content suggests that even if the orographic precipitation component
were to be ignored, the dynamic component of precipitation would alone be sensitive to moisture

content.

When interpreting the results of this study, it is important to keep the model’s limitations
in mind. The first consideration is that the model is statically stable which actually serves to bolster
the conclusions formed here since a statically stable model is unable to trigger free convection. In
a more sophisticated full-physics model, moisture perturbations can trigger buoyancy instabilities
which would drive free convection and potentially a rapid departure from any non-convective
cases. This suggests that the circulation response to moisture sensitivities shown in Fig. 3.13 are
expected to be an underrepresentation of the circulation response to moisture. The next
consideration is that the idealized model neglects both a boundary layer which causes vertical
mixing in the lower levels of moisture and sensible heat. The surface front is thereby stronger than
expected as seen in observational studies of fronts (Browning and Pardoe 1973; Thorpe and
Clough 1991; Wakimoto and Murphey 2008, Demirdjian et al. 2020b). Finally, the last
consideration is that the idealized model also neglects frictional drag at the surface which will
reduce the horizontal wind components and thereby the strength of the LLJ. The inclusion of the

surface drag will also serve to elevate the LLJ maximum above the surface. Despite these
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simplifications, the idealized model provides a remarkably high-fidelity representation of the

mesoscale processes during frontogenesis.
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Figure 3.1: The control simulation from forecast hour 6 to 42 hours every 12 hours for a,e,i,m) the
along-front geostrophic wind (color fill; m s%), b,f,j,n) the potential vorticity (color fill; PVU) and
latent heating rate (black contours; ci = 2 K day™), ¢,g,k,0) vertical velocity (color fill; cm s*), and
d,h,I,p) water vapor mixing ratio (color fill; g kg™). All plots include the potential temperature
(grey contours; ci = 2 K).
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Figure 3.2: A comparison at forecast time 42 h for a) the dry (rh = 0%) and b) moist (rh = 80%)
versions the model. Both plots have the along-front geostrophic wind (color fill; m s?), and
potential temperature (grey contour; ci = 2 K). (a) also contains the moist minus dry along-front
geostrophic wind (black; ci =2 m s™).
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Figure 3.4: Same as Fig. 3.2 except for the vertical velocity.
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Figure 3.5: A COAMPS plan view of the sea -level pressure (SLP; black contours; ci = 4 hPa) and
integrated vapor transport (IVT; color fill; kg m s) at time a) 0-h, and b) 42-h. The black dotted
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Figure 3.6: Cross sections of the along-front geostrophic wind (color fill; m s?) and potential
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COAMPS, and d) 42-h idealized model. Fig. 3.6a corresponds to the transect in Fig. 3.5a, and Fig.
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Figure 3.9: The evolved water vapor mixing ratio perturbations at 36 h for each ensemble member
following the same scaling as in Fig. 3.7. The domain is zoomed in to focus on relevant features.
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Figure 3.11: Same as Fig. 3.9 except for the perturbation vertical velocity (color fill; cm s™2).
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Figure 3.12: Same as Fig. 3.9 except for the perturbation along-front geostrophic wind (color fill;
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Figure 3.14: A schematic representation of the important physical processes discussed in the
present study. The potential temperature (grey contours), latent heating (LH; thick red oval), along-
front geostrophic wind (color fill with increasing value from orange to red), and the ageostrophic
stream function (transverse circulation; large black circle). The direction of the transverse
circulation is denoted by the black arrows with successively smaller arrows indicating regions of
convergence. The dashed grey lines denote changes to the potential temperature due to latent-
heating effects. The order of processes is labelled numerically with dotted black arrows connecting
them for continuity. The Brunt-Vaisala frequency before and after the latent heating is measured
by N2 and N2 respectively.
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Cross Sections and Trajectories
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Supplemental 3.1: Same as Fig. 3.5 except plots are every 6 hours and the potential temperature
(grey contours; ci = 2 K) is used instead of SLP.
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