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Abstract

Dynamics of Atmospheric Rivers in High Mountain Asia: Influences on Precipitation,

Lightning and Landslides
by

Deanna Leigh Nash

Atmospheric Rivers (ARs), a global phenomenon, play an important role in the hy-
droclimate as they transport large amounts of moisture poleward via plumes in the
lower troposphere across mid-latitudes and into Polar regions. Multiple studies have
demonstrated that ARs are related to precipitation extremes, flooding, seasonal snow-
pack, and water availability where they occur. Despite ARs occurring about 10% of the
time during the winter and spring in High Mountain Asia (HMA), little is known about
these unique inland penetrating ARs, their resulting orographic precipitation and their
association with precipitation-related hazards such as landslides and lightning. This re-
search demonstrates the importance of HMA ARs to annual precipitation, summarizes
their spatial and temporal variability in recent decades, and contrasts the synoptic and
mesoscale conditions of three unique and hazardous ARs. The first part of this re-
search explores the connection between ARs and lightning via a timely case study on
an AR in Santa Barbara, CA that simultaneously occurred with over 8,000 lightning
flashes in under 24 hours. Thermodynamic analysis revealed that orographic forcing
and the warm conveyor belt lifted the abnormally high water vapor content in the
AR in a convectively unstable atmosphere, resulting in hail formation and enhanced
electrification. The second part of this research uses 40 years of the European Centre
for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalyses of the global

climate (ERA5) to develop a climatology of ARs that reach HMA during winter and

X



spring and quantify their contribution to seasonal precipitation. Combined empirical
orthogonal function (cEOF) and k-means clustering applied to meridional and zonal
integrated vapor transport identified three distinct HMA AR types with unique circula-
tion and precipitation patterns. Synoptic composites revealed that each HMA AR type
results in above-average precipitation in Northwestern, Western, and Eastern HMA, re-
spectively, when they occur. The differences in the precipitation patterns is largely due
to the location and magnitude of the upper-level troughs and ridges, influencing the
low-level moisture circulation in the ARs. Further, we found that large-scale climate
modes, such as the El Nifio Southern Oscillation, Arctic Oscillation, and Siberian High
significantly influence the frequency of Northwestern and Western HMA ARs. During
HMA ARs in recent decades, trends in moisture transport and the height of the freez-
ing level have both increased significantly, a concern considering that during HMA ARs
with a higher than average freezing level, there is significantly less frozen precipitation.
The third part of this research contrasts the mesoscale characteristics of two Western
HMA ARs that both resulted in extreme precipitation. With Climate Forecast System Re-
analysis (CFSR) dynamically downscaled to 6.7 km spatial resolution, we show that the
orientation of the AR axis relative to the topography increases the efficiency of the pre-
cipitation more than the amount or duration of the moisture within the AR. However,
the 6.7 km data does not quite resolve the extreme precipitation associated with these
ARs; therefore, the final part of this research uses the Advanced Weather Research and
Forecasting (ARW-WRF, hereafter WRF) model to improve the accuracy of simulated
extreme precipitation at a finer-scale resolution (3 km). This dissertation demonstrates
the relevance of ARs to the winter and spring hydroclimate and precipitation-related
hazards in HMA, and provides information that can be used for future projections of

precipitation across multiple timescales.
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Chapter 1

Introduction

D.L. NASH

1.1 Overview

1.1.1 Atmospheric Rivers

ARs, a term coined in the early 1990s, describes a phenomenon that explains how
baroclinic eddies transport large amounts of water vapor via relatively infrequent, long
conduits of strong moisture transport across mid-latitudes and into Polar Regions (Zhu
& Newell, 1994). Many studies have shown the global importance of ARs to poleward
moisture transport, climate, and water budgets (Guan & Waliser, 2017; Guan et al.,
2018; Nash et al., 2018; Paltan et al., 2017; Waliser & Guan, 2017; Zhu & Newell,
1998). When zonally integrated, poleward integrated vapor transport (IVT) from ARs
makes up over 90% of the total moisture transport in the mid to high latitudes (Guan
& Waliser, 2015; Zhu & Newell, 1998). Since the original work done by Newell et al.
(1992), there have been many studies that have focused on the regional impacts of

ARs, particularly in western United States and Western Europe. Studies have found

1



Introduction Chapter 1

that ARs are related to precipitation extremes, flooding, seasonal snowpack, and water
availability in these regions (Dettinger, 2011; Guan et al., 2010, 2013; Lavers & Vil-
larini, 2013; Ralph et al., 2006; Wick et al., 2013). Some studies have focused on the
impact in other regions like Antarctica (Gorodetskaya et al., 2014), the Arctic Ocean
and Greenland (Baggett et al., 2016; Hegyi & Taylor, 2018; Mattingly et al., 2018;
Mattingly et al., 2020; Neff, 2018; Wernli & Papritz, 2018; Wille et al., 2019), South
America (Ramos et al., 2019; Viale & Nuiez, 2011; Viale et al., 2018), North Africa
(Akbary et al., 2019; Blamey et al., 2018; Dezfuli, 2020; Massoud et al., 2020), and
East Asia (Naoi et al., 2020; Pan & Lu, 2020), finding that ARs play a role in modulating
precipitation extremes.

ARs are usually identified by measuring IVT, which tells us about the flux of water
vapor in each column of air, which is critical to understanding ARs. ARs generally oc-
cur in the region ahead of a cold front with an extratropical cyclone, obtaining their
above-average water vapor content via moisture transport from the tropics as well as
local moisture convergence associated with the warm conveyor belt and the cold front
of the extratropical cyclone (Bao et al., 2006; Ralph et al., 2004; Rutz et al., 2014).
Even though the official glossary definition of ARs from AMS (2018) states that “the
water vapor in atmospheric rivers is supplied by tropical and/or extratropical moisture
sources” it is a common misconception that tropical sources alone provide all the mois-
ture within an AR. However, a study completed by Bao et al. (2006) concluded that
local moisture convergence is the primary contributor to enhanced integrated water
vapor (IWV) bands in the central and eastern Pacific, with evidence indicating that
some bands include moisture transported from the tropics.

Based on the widely used AR detection algorithm developed by Guan and Waliser
(2015), ARs are identified using a combination of geometry (e.g., length, width), inten-

sity thresholds (e.g., usually above 85th percentile), and directional components (e.g.,
2



Introduction Chapter 1

must be poleward), giving a series of AR objects on a 6-hourly, global basis. ARs make
landfall, or cross from a major body of water to land, in a variety of regions across
the globe, and cross the west coast of India from the Arabian Sea roughly 4 times a
year (see Guan and Waliser, 2015, Fig. 8a). Using the Guan and Waliser (2015) AR
detection algorithm, Fig. 1.1 shows the number of days an AR reaches HMA between
1979 and 2019, or passes through the 1 km elevation line indicated in Fig. 1.2. ARs
occur on average 10 times a month during the winter and spring seasons, and up to 20
times a month during summer. Despite being relatively infrequent, when they reach the
complex topography of HMA, ARs can result in higher-than-average orographic precip-
itation, making even those relatively few AR events critical to local water resources.
A few studies have explored the thermodynamic and kinematics of atmospheric rivers
as it relates to orographic precipitation, aiding in understanding of how atmospheric
rivers transport large plumes of water vapor long distances without precipitating. ARs
can occur simultaneously with the low-level jet, enhancing the water vapor flux. The
AR is typically larger than the low-level jet (approximately 850 km wide and 3 km
deep), and occurs in the lower-troposphere, with 75% of the IVT found below 650 hPa
(Guan & Waliser, 2015; Guan et al., 2018; Ralph et al., 2017). The warm conveyor belt
(WCB) is an area of ascending air within the warm sector of the extratropical cyclone.
Water vapor in the AR, which can be sourced from intense vapor transport out of the
tropics as well midlatitude convergence of water vapor along the path of the AR, can
often be transported via winds into the WCB resulting in dynamical uplift (Dettinger
et al., 2015). Some studies suggest that WCBs and ARs can form on their own without

direct connection to each other (Dacre et al., 2015; Dettinger et al., 2015).
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Figure 1.1: Frequency (total number of days) of ARs that reach HMA by passing the
1 km elevation height between 1979 and 2018.

1.1.2 High Mountain Asia Hydroclimate

There have been few studies that explore ARs specifically near southern Asia (e.g.,
Thapa et al. (2018) and Yang et al. (2018)), and they found that ARs contribute to ex-
treme precipitation and are associated with flood events in the Nepal and Bay of Bengal
areas. Both studies indicated the need for further investigation into mechanisms that
govern ARs and their relationship with the two distinct precipitation regimes that mod-
ulate the local climate. In Southern Asia, precipitation and the resulting glacial melt
in the spring and summer months provides water resources for hundreds of millions of
people (Hewitt, 2005; Kaab et al., 2012). The Karakoram, a region located in the west-
ern Himalayas, receives approximately 50% of its annual precipitation during winter
and spring months from extratropical cyclones, while Central Himalaya receives over
70% of its annual precipitation from summer monsoon flow (Bookhagen & Burbank,
2010; Norris et al., 2018; Norris et al., 2017). In addition to having two distinct pre-
cipitation regimes, there have been dynamical changes in these two regions that have
impacted the local hydrological cycles. For example, in Central Himalaya, accelerated

melting of alpine glaciers has been attributed to increased temperatures, decreasing
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precipitation, and the weakening of the summer monsoon (Duan et al., 2006; Krish-
nan et al., 2013; Zhao et al., 2014). Meanwhile, glaciers in the Karakoram have been
stable or advancing in a phenomenon known as the Karakoram Anomaly, attributed
to increased wintertime precipitation, decreasing summer temperatures, and increases
in extratropical cyclone frequency and intensity (Archer & Fowler, 2004; Bolch et al.,
2012; Cannon et al., 2015; Forsythe, 2015; Gardelle et al., 2012; Hewitt, 2005; Kaab
et al., 2012; Norris et al., 2018; Scherler et al., 2011).
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Figure 1.2: Study area with elevation (shaded; m) and names and locations of moun-
tain ranges indicated by the blue labels. The red line is the 1 km elevation line, used
to identify ARs that reach HMA.

Norris et al. (2017) described the interseasonal, intraseasonal, and diurnal patterns
of precipitation in HMA by utilizing the Advanced Weather Research and Forecasting
(ARW-WREF, hereafter WRF) model to simulate a 12-month period (April 2005 through

March 2006). The WRF simulation performed well in the timing and intensity of win-
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tertime extratropical cyclones, but had difficulty resolving summer nocturnal precipi-
tation in the foothills and valleys of the Himalaya (Norris et al., 2017). Following that
study, Norris et al. (2018) assessed the spatial patterns and trends of precipitation and
temperature in HMA regarding the Karakoram Anomaly using the same WRF model
configuration as Norris et al. (2017) to dynamically downscale global reanalysis for a
36-year period between 1979 and 2015. In recent decades, an anti-cyclonic warming
trend during winter and summer has been observed over eastern and central Himalaya,
while western Himalaya has been impacted by a cyclonic trend with no warming (Nor-
ris et al., 2018). While Norris et al. (2018) was not able to fully explain the Karakoram
anomaly, the dynamically downscaled reanalyses in HMA over a 36-year period could
be important in understanding the relationship between ARs and precipitation in this
region, with an in depth exploration of the mesoscale flow patterns due to complex

topography of HMA.

1.1.3 Natural Hazards in High Mountain Asia

India experiences a high frequency of lightning, mainly due to the increase in se-
vere thunderstorms during pre-monsoon season (April to May). A study completed by
Ramesh Kumar and Kamra (2012) found that the topography of the Himalayan range
has a strong influence on lightning flash rates in the region. For example, south of the
Himalayan range, an enhanced mountain breeze front and synoptic convective systems
increase lightning frequency (Lal & Pawar, 2009; Pawar et al., 2015; Ramesh Kumar &
Kamra, 2012). Pawar et al. (2015) analyzed a series of short duration thunderstorms
with high peak flash rates in the foothills of northeastern India, and attributed the high
lightning flash rates to the timing and location of the thunderstorms, explaining that

the diurnal cycle of the mountain breeze increased moisture convergence in the valley



Introduction Chapter 1

during the night. It is possible that ARs influence the frequency of lightning in HMA,
and part of this research will explore the relationship between ARs and lightning.

Landslides are another hazard that often occur in HMA due to the location of In-
dian and Eurasian plate boundary. With climate change, studies estimate that extreme
precipitation will increase near mountains and glaciers, which in turn increases the
chances of landslide activity (Kirschbaum et al., 2020). Extreme rainfall is more likely
during monsoon season, however, it does occur and result in devastating landslides
during the winter and spring season. Figure 1.3 shows the location and fatality count
of precipitation-triggered landslides that are associated with ARs in HMA, indicating
the connection and impact of ARs on landslides in this region. This dissertation in-
vestigates extreme rainfall events during the winter and spring seasons that are asso-
ciated with ARs and examines the role the ARs played in landslides that occurred on
the same day. Understanding landslide activity is a complex geographic and geologic
phenomenon, but other studies have already shown that extreme rainfall is the most
significant trigger of landslides in HMA and that predictions of these landslides, partic-
ularly in the Karakoram, improve with better understanding of the large-scale moisture
flux patterns (Hunt & Dimri, 2021; Kirschbaum et al., 2020).

One interesting new research aspect of ARs examines them from a categorical per-
spective. Ralph et al. (2019) developed a scale system to differentiate between weaker
and stronger ARs in the Pacific Ocean, as the varying intensity changes the impact of AR
on local precipitation. For example, different categories of ARs can provide a variety
of benefits in the region they are occurring, such as increased reservoir levels, drought
relief, water supply, while some ARs can cause various hazards (e.g., extreme precipi-
tation, flooding, high winds) (Backes et al., 2015; Dettinger, 2013; Ralph & Dettinger,
2012; Ralph et al., 2019; Waliser & Guan, 2017). Though a general categorization of

AR strength based on IVT values is useful, a more regional approach in High Mountain
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Asia that includes other variables such as column temperature, rain/snow line infor-

mation, topography, and prior conditions will be useful in understanding the impact of

ARs on local water resources and natural hazards.

Fatality Count

1000 2000 3000 4000 5000 6000

Elevation (m)

Figure 1.3: High Mountain Asia with elevation (shaded; m) and locations and fatality
count (bubbles, fatality count) of landslides occurring on the same day as a HMA AR
between 1988 and 2017 using the landslide data from Kirschbaum et al. (2010).

1.2 Dissertation Objectives

The hydroclimate of HMA is not well understood, and hundreds of millions of peo-
ple rely on the water resources in this region. In addition, extreme precipitation events

that occur in this region are not well predicted and result in damages to infrastruc-
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ture, displaced populations, and fatalities. While we know quite a bit about ARs in
other regions of the world, particularly in Western Europe and western United States,
understanding the synoptic and mesoscale mechanisms of these unique, inland pene-
trating ARs will build on the current knowledge base of ARs, and potentially improve
understanding about the relationship between ARs and orographic precipitation. The
main goal of this research was to assess the impact of ARs on High Mountain
Asia’s (HMA) hydroclimate from a climatological perspective by examining dy-
namic mechanisms and their relationship with precipitation, lightning and land-
slides. In this dissertation, we classified the climatology of ARs in HMA, determined
the synoptic scale, mesoscale, and thermodynamic conditions of HMA ARs, and investi-
gated three AR case studies — one in western US, two in HMA — that resulted in extreme
hazards. By completing the research objectives (outlined below), we worked to close
current gaps in knowledge about the HMA hydroclimate and inland penetrating oro-

graphic ARs.

1. Examine synoptic and mesoscale features of a unique AR event in Santa Barbara,
CA during March 2019 that resulted in over 8,000 lightning flashes in the south-

ern California region in under 24 hours.

2. Investigate the regional climatology of ARs that reach HMA to understand their
synoptic scale characteristics, impact on large-scale precipitation, and how cli-
mate modes such as ENSO, AO, and SH influence HMA AR frequency and broader

circulation patterns.

3. Contrast the thermodynamic and mesoscale characteristics of two impactful AR
events using 20 km and 6.7 km WRF simulations created by Norris et al. (2018)
to determine the primary mechanisms of ARs associated with extreme orographic

precipitation and lightning.
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4. Evaluate the ability of multiple high-resolution WRF simulations to capture the
spatial and temporal patterns of extreme precipitation associated with a particu-

larly intense AR associated with multiple landslides in western HMA.

The first chapter of this dissertation is unique in that it focuses on an AR event
that occurred in Santa Barbara, CA rather than HMA. This chapter demonstrates the
important role of an AR in an extremely unique lightning storm in Southern Califor-
nia. The relationship between lightning and ARs is largely uncovered, and this timely
case study examines the synoptic and mesoscale features that resulted in over 8,000
lightning flashes in southern California in under 24 hours. This study concludes that
despite the very small amount of convective available potential energy (CAPE), the
warm, moist air within the AR was lifted above the freezing level in a convectively un-
stable atmosphere, resulting in hail and high electrification. This case study provided a
foundation for analysis for Chapter 4, where we explore the mesoscale characteristics
of two HMA ARs that were associated with lightning, flooding, and extreme orographic
precipitation.

The second chapter focuses on the synoptic characteristics of ARs that cross South-
ern Asia and reach HMA during the winter and spring months, contributing between
40-60% of total winter and spring precipitation. Combined empirical orthogonal func-
tion analysis (cEOF) and k-means clustering applied to meridional and zonal IVT in
Southern Asia identifies three distinct HMA AR types with unique circulation and pre-
cipitation patterns. Additionally, this research describes the influence of large-scale
climate modes, like El Nifio Southern Oscillation, Arctic Oscillation, Siberian High, and
Madden-Julian Oscillation on the frequency of the three HMA AR types.

The third chapter uses 36 years of dynamically downscaled reanalysis using WREF,

created in Norris et al. (2018). We evaluate the 3-hourly, 6.7 horizontal resolution
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model data against the large-scale circulation and precipitation patterns for the three
AR subtypes determined in the previous chapter. We then use the WRF simulations to
summarize trends in IVT and the height of the freezing level during the three HMA AR
types defined in Nash et al. (2021). We then contrast the mesoscale conditions of two
impactful Western HMA ARs - one that occurred with an above-average freezing level
height and one with a below-average freezing level height. This work emphasizes the
contribution of ARs to the rain to snow ratio, particularly focused on precipitation in
the foothills, as the moisture from the AR is orographically forced. This illuminates the
broader impact of these ARs on vital watershed landscapes such as the Karakoram and
the Pamirs.

The final chapter of this dissertation evaluates the ability of multiple WRF simula-
tions to capture the extreme maxima of orographic precipitation during a Western HMA
AR that was associated with multiple landslides in February 2010. In addition to evalu-
ating Norris’ 6.7 km and 3-hourly WRF data, we dynamically downscale ERAS to 9 and
3 km spatial resolution, and a 1-hourly temporal resolution and evaluate their ability
to simulate the extreme precipitation associated with the February 2010 AR relative to
NASA's Integrated Multi-satellitE Retrievals for GPM. We find that the finer-resolution
dynamical simulations (3 km) greatly improve the representation of the orographic
precipitation in complex terrain compared to the course-scale (6.7 km) simulations.

This dissertation demonstrates the broader importance of ARs on the winter and
spring hydroclimate of HMA by identifying the synoptic characteristics of three unique
HMA AR types and quantifying their contribution to seasonal precipitation (Nash et
al., 2021). Roughly half of the annual precipitation in Southern Asia comes from win-
ter and spring extratropical cyclones, and just a few impactful ARs occurring in the
area ahead of the cold front of those cyclones can contribute significantly to those re-

sources (Cannon et al., 2015; Nash et al., 2021, 2022; Norris et al., 2018). We show
11



Introduction Chapter 1

that, in recent decades, increased water vapor transport and the height of the zero de-
gree isotherm during HMA ARs is decreasing the ratio of frozen precipitation in HMA.
Further, targeted, high-resolution simulations can be used to accurately represent oro-
graphic precipitation extremes associated with HMA ARs. The work completed here
has increased the understanding of AR impacts in HMA, and can be applied to improve
forecasts for water resources and natural hazards in a region vulnerable to changes in

a warming climate.

1.3 Permissions and Attributions

1. The content of chapter 2 and A is the result of a collaboration with Leila Carvalho,
and has previously appeared in Natural Hazards and Earth System Sciences (Nash
& Carvalho, 2020). It is reproduced here with the permission of Copernicus Pub-

lications: https://nhess.copernicus.org/articles/20,/1931/2020/.

2. The content of chapter 3 and appendix B is the result of a collaboration with Leila
Carvalho, Charles Jones, and Qinghua Ding, and has previously appeared in Cli-
mate Dynamics (Nash et al., 2021). It is reproduced here with the permission of

Springer Nature: https://link.springer.com/article/10.1007/s00382-021-06008-z.
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Chapter 2

An Electrifying Atmospheric River:
Understanding the Thunderstorm
Event in Santa Barbara County during

March 2019

D.L. NASH & LL.M.V. CARVALHO

Abstract

On 5 March 2019 12 UTC, an Atmospheric River (AR) made landfall in Santa Bar-
bara, CA and lasted approximately 30 hours. While ARs are typical winter storms in
the area, the extraordinary amount of lightning strikes observed near coastal Santa
Barbara made this event unique. The Earth Networks Global Lightning Network (EN-
GLN) detected 8,811 lightning flashes around southern California (30°N to 37°N and
130°W to 115°W) in 24 hours, which is roughly 2,500 times the climatological flash
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rate in this region. The AR related thunderstorm resulted in approximately 23.18 mm
accumulated precipitation in 30 hours in Santa Barbara. This article examines synop-
tic and mesoscale features conducive to this electrifying AR event, characterizing its
uniqueness in the context of previous March events that made landfall in the region.
We show that this AR was characterized by an unusual deep moist layer extending from
low-to-mid troposphere in an environment with potential instability and low elevation
freezing level. Despite the negligible convective available potential energy (CAPE) dur-
ing the peak of the thunderstorm near Santa Barbara, the lifting of layers with high
water vapor content in the AR via warm conveyor belt and orographic forcing in a
convectively unstable atmosphere resulted in the formation of hail and enhanced elec-

trification.

2.1 Introduction

Due to recent wildfire activity in Santa Barbara County (e.g. Thomas Fire during
December 2017, Whittier Fire during July 2017, and Sherpa Fire during June and July
2016) this region is at high risk for post-fire debris flow when 15 minutes of rainfall
has an intensity greater than or equal to 24 mm hour! (USGS, 2019). These conditions
were observed during the devastating Montecito debris flow on the 9 January 2018 that
resulted in 23 deaths, 246 structures destroyed, and 167 damaged structures (Oakley
et al.,, 2018). On 1 March 2019, the National Weather Service (NWS) in Oxnard,
CA forecasted 2 storms to hit Santa Barbara County (1-2 March 2019 and 5-6 March
2019). On 5 March 21 UTC, a mandatory evacuation order was issued for the Thomas,
Whittier, and Sherpa fire burn areas due to the prediction of a subsequent severe storm
and flood potential that existed for low-lying areas given increased ground saturation

from the storm on 2 March 2019, impacting about 3,000 residents. While no significant
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debris flows were triggered during this event, a combination of an Atmospheric River
(AR) and an extreme number of lightning strikes made this storm exceptional. Figure
2.1a shows a photo of lightning strikes at the Santa Barbara Harbor during the storm
taken by Santa Barbara County Fire Department’s Mike Eliason.

The term Atmospheric River (AR), describes a phenomenon that explains how baro-
clinic eddies transport large amounts of water vapor via relatively infrequent, long con-
duits of strong moisture transport across mid-latitudes and into polar regions (Newell
et al., 1992; Zhu & Newell, 1994). Many studies have focused on the regional impacts
of ARs in western United States and have found that ARs bring large amounts of mois-
ture to the west coast of North America and are related to precipitation extremes and
flooding, particularly in the winter season (Dettinger et al., 2011; Guan et al., 2010,
2013; Harris & Carvalho, 2018; Ralph et al., 2006). Despite occurring less frequently
than ARs in Northern California, the Southern California ARs have significant impact
in the hydrological cycle of the region (Cannon et al., 2018; Harris & Carvalho, 2018;
Oakley et al., 2018; Oakley & Redmond, 2014). Although ARs are often associated with
extreme precipitation, flooding, and other hazardous events, they play a critical role
in replenishing reservoirs and underground water resources, particularly in dry areas
of Southern California. Studies show that just a few AR events each year can con-
tribute the majority of the precipitation and streamflow that regulates the state’s water
resources (Cannon et al., 2018; Dettinger, 2013; Gershunov et al., 2017; Ralph et al.,
2019). Ralph et al. (2019) have developed a scale to characterize ARs based on inten-
sity and duration, pointing out that ARs can result in a wide spectrum of conditions
from beneficial to hazardous. As of now, no studies have examined the relationship
between ARs and lightning.

Lightning usually occurs when the electric charges in a cloud separate and exceed

the intensity that the air can sustain (Price, 2013). Charges usually build up in the
22



An Electrifying Atmospheric River in Santa Barbara Chapter 2

mixed phase region of the clouds (0°C to -40°C) when there are enough updrafts to
lift particles above the freezing level (Price & Rind, 1993). The correlation between
cloud-top height and lightning rate is well documented and can be attributed to the
deep vertical development of convective thunderstorms (Pessi & Businger, 2009; Price
& Rind, 1993). Pessi and Businger (2009) documented that lightning activity can be
associated with cold temperatures aloft or convection along cold fronts.

Although the thunderstorms on 5 March 2019 caused minimal damage (e.g. small
lightning fires, power outages), this event was meteorologically significant because of
the exceptional number of lightning strikes in such a short period. This study examines
synoptic and mesoscale dynamics, as well as the thermodynamic characteristics of this
AR and investigates the uniqueness of this event compared to past March ARs that

made landfall in Santa Barbara.

2.2 Data and Methods

Climate Forecast System version 2 (CFSv2) (Saha et al., 2014) operational analysis
was used in this study to evaluate the synoptic and mesoscale meteorological conditions
between 10°N and 50°N and 150°W to 110°W between the dates 4 March 2019 18 UTC
and 6 March 2019 18 UTC. CFSv2 data at 0.5° by 0.5° horizontal resolution was
obtained at 37 pressure levels between 1000 and 1 hPa at a 6-hourly time scale. AR
conditions are determined based on IVT (see appendix A for calculation) exceeding
250 kg m! s! at a fixed geographical point. The AR event in this study refers to the
time that the AR conditions occurred in Santa Barbara, i.e. at the grid cell centered
on 34.5°N and 119.5°W. The duration of the AR event is determined by the time (in
hours) that the AR conditions are consecutively met. NASA's Modern Era Retrospective

Reanalysis Version 2 (MERRA2) (Bosilovich et al., 2015; Gelaro et al., 2017) and the
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Figure 2.1: (a) Photo of lightning at the Santa Barbara Harbor in Santa Barbara,
CA taken by Mike Eliason from the Santa Barbara County Fire Department during
the storm at 6 March 2019 4 UTC. (b) NOAA NEXRAD L3 precipitation accumulation
(shaded; mm) and locations of NOAA NEXRAD L3 Hail Signatures (black points)
between 5 March 2019 12 UTC and 6 March 2019 23:59 UTC. The location of Santa
Barbara is indicated by the white star. (c) ENGLN lightning strike frequency (shaded;
flashes day') on 6 March 2019. The location of Santa Barbara is indicated by the
black star. (d) Climatological annual mean lightning density (shaded; flashes day™')
between 1995 and 2014 using TRMM LIS-OTD lightning climatology and lightning
strike locations (red points) between 4 and 5 UTC on 6 March 2019 based on ENGLN.
The location of Santa Barbara is indicated by the black star.
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global atmospheric river detection catalog that identifies atmospheric rivers on a global,
6-hourly basis were used to determine the anomalous characteristics of the March 2019
AR event compared to past ARs that made landfall in Santa Barbara. This AR detection
algorithm was introduced in Guan and Waliser (2015) and refined in Guan and Waliser
(2019). Here we analyzed ARs and their characteristics on a daily temporal scale at 0.5°
by 0.625° spatial resolution between 1980 and 2018. The other calculated variables
from CFSv2 are dew point (Td) and equivalent potential temperature (6z), which are
calculated based on Bolton (1980, eq. 11, 43).

Lightning flash data obtained from Earth Networks Global Lightning Network (EN-
GLN) (EN, 2019) was used to quantify the location and number of lightning strikes
between 4 March 2019 0 UTC and 7 March 2019 0 UTC near southern California
(30°N to 37°N and 130°W to 115°W). The global lightning network, which includes
more than 1,700 sensors, detects lightning flashes and provides various information
about those flashes, including latitude, longitude, amplitude of the lighting, duration
of the flash, and the number of in-cloud (IC) and cloud-to-ground (CG) lightning pulses
within a given flash (EN, 2019). A lightning flash can be made up of one or more IC or
CG lightning pulses, which connect regions of opposite polarity. To put the extremity
of this lightning event into climatological context, an annual lightning strike climatol-
ogy from Tropical Rainfall Measuring Mission Lightning Imaging Sensor and Optical
Transient Detector (TRMM LIS-OTD) (Cecil et al., 2014) was used at a horizontal reso-
lution of 0.5° by 0.5° between 1995 and 2014 from 20°N to 50°N and 140°W to 110°W.
Comparing the two lightning sources has a certain level of uncertainty, since TRMM
LIS-OTD and ENGLN do not overlap temporally. However, because this event had sig-
nificantly above average lightning flash rates compared to the climatology, the possible
error introduced by comparing two different data sets does not impact the results.

For precipitation, hourly precipitation data from National Oceanic and Atmospheric
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Administration’s Next Generation Radar Level 3 (NOAAs NEXRAD L3) was used be-
tween the dates 4 March 2019 18 UTC and 6 March 2019 23:59 UTC at roughly 1 km
resolution (NOAA, 2019). To identify the approximate location, time, and diameter of
hail, NOAA's NEXRAD L3 hail signature product was used. To identify cloud convection
and cloud top height via cloud top temperature, the Cloud and Moisture Imagery (CMI)
product from GOES-R (GOES-17) Advanced Baseline Imager Level 2 was obtained for
6 March between 3 UTC and 5 UTC at 5-minute temporal intervals and 10 km by 10
km spatial resolution (GOES-R, 2017).

2.3 Results and Discussion

2.3.1 March 2019 Event

An AR made landfall near Santa Barbara (34.5°N, 119.5°W) between 5 March 12
UTC and 6 March 18 UTGC, resulting in total accumulated precipitation of approximately
23 mm around Santa Barbara according to NOAA NEXRAD L3 one-hour precipitation.
While this was not enough precipitation to initiate debris flow, instances of hail were
identified by the NOAA NEXRAD L3 hail signature product (see Fig. 2.1b). The pres-
ence of hail indicates strong updrafts and a low freezing level, which are conditions that
also favor the development of lightning in a storm (Pruppacher & Klett, 1997). During
this AR event, ENGLN detected 46,222 flashes of lightning with 85,032 combined IC
and CG pulses around Southern California (30°N to 37°N and 130°W to 115°W) (EN,
2019). Among these, 8,811 flashes of lightning with 35,603 combined IC and CG pulses
occurred in the 24 hour period following 6 March 0 UTC (Fig. 2.1c). TRMM LIS-OTD
records an area annual average of 3.34 flashes per day in the region surrounding south-

ern California (30°N to 37°N and 130°W to 115°W), making the 8,811 lightning flashes
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in under 24 hours very extreme. In fact, even if this was the only lightning activity for
2019, it would represent over 2,500 times the climatological rate (Fig. 2.1d) (Cecil,
2015). Based on the AR database of Guan and Waliser (2019), on average 10 AR days
are observed between December and March each year in Santa Barbara, with a total
of 742 days associated with ARs that made landfall in the grid cells closest to Santa
Barbara between 1980 and 2019. When compared to the TRMM LIS-OTD low reso-
lution time series, between 1995 and 2014 there were approximately 350 landfalling
AR events that coincided with lightning flashes, with the majority of events resulting in

less than 60 flashes per day (Cecil, 2015).

2.3.2 Extratropical Cyclone and AR Conditions

Following an extratropical cyclone that made landfall at 1 March 12 UTC, a deep
mid-level (500 hPa) trough developed into a closed low system, forming a pool of cold
air centered at approximately 32°N and 140°W by 4 March 18 UTC (Fig. 2.2a). The
surface low-pressure was located directly below the 500 hPa closed low on 4 March
18 UTC (Fig. 2.2a). This mid-level closed low moved eastward and northward, until
6 March 12 UTC when it was no longer closed (Fig. 2.2h). According to Oakley
and Redmond (2014), 41-50% of precipitation in Santa Barbara between October and
March is associated with closed lows. The surface low-pressure deepened from 1005
hPa to approximately 996.36 hPa by the peak event time at 6 March 2019 6 UTC; at
this point it was centered around 38°N and 126°W, west of northern California (Fig.
2.2g). At the peak time of the event, 6 March 6 UTC, the jet streak exit region was
located at 35°N and 122°W, directly northwest of Santa Barbara (Fig. A.1g). Pessi and
Businger (2009) showed that most of the storms that have lightning activity over the

North Pacific Ocean are associated with similar synoptic conditions as those observed
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during the storm in March 2019.

These synoptic conditions provided the dynamical mechanisms necessary for sub-
tropical moisture to be transported via an AR, shown as the area of IVT greater than
250 kg m! st (Fig. 2.2). This AR made landfall at approximately 5 March 12 UTC
on the west coast near Santa Barbara and lasted approximately 30 hours (Fig. 2.2d-i).
The peak IVT value for this event within the AR was 1034 kg m! s! at 5 March 12
UTC (Fig 2.2d). In the grid cell closest to Santa Barbara (34.5°N and 119.5°W) the AR
had a peak IVT value of 446 kg m! s on 6 March 6 UTC (Fig. A.2a). Based on the
duration (30 hours) and maximum instantaneous IVT intensity of the AR (446 kg m!
s'1), this event is categorized at AR-CAT 1 according to Ralph et al. (2019), indicating
that this AR was most likely beneficial to the Santa Barbara area. This particular AR
had IVT direction and magnitude characteristics similar to past ARs that made landfall
in the Santa Barbara area (Fig. A.2b, c).

Equivalent potential temperature at 850 hPa (Az) (Fig. A.3) identifies the formation
of the warm conveyor belt (WCB), or the ascending air within the warm sector of the
extratropical cyclone and the overlap of the AR between 5 March 12 UTC and 6 March
12 UTC (Browning, 1986; Dettinger et al., 2015). At 6 March 6 UTC (Fig. A.3g),
the cold front lies along the densely packed isotherms between the coast of California
and 32°N and 124°W, and the warm front is located parallel to the coast of California.
This placed the region of warm air advection and the WCB in the southern region of
the domain between the two fronts where 6 is around 320 K. Water vapor in the AR,
which can be sourced from intense vapor transport out of the tropics as well midlatitude
convergence of water vapor along the path of the AR, was transported via winds into
the WCB (Fig. A.3) (Dettinger et al., 2015). The uplift of the moisture from the AR
most likely occurred due to orographic uplift from interaction with complex topography

as well as dynamic uplift from the WCB (Fig. A.3). It has been suggested that WCBs
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Figure 2.2: CFSv2 data showing IVT (shaded; kg m' s'), 850 hPa wind (barbs;
knots), Mean sea level pressure (grey contours; hPa), and 500 hPa geopotential height
(black dashed contours; m) at 6-hourly time steps between 4 March 2019 18 UTC and
6 March 2019 18 UTC. The time step closest to the peak of the event is shown in figure
(g) at 6 March 2019 6 UTC in the bottom left corner.
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and ARs can form on their own without direct connection to each other (Dacre et al.,
2015; Dettinger et al., 2015). In this case, we observed an AR interacting with a WCB,
along with updrafts and hail formation. The synoptic conditions of this event show that
the cyclogenesis combined with the dynamical lift of the AR in a convectively unstable
environment provided enough updraft to potentially aid in the electrification of the

clouds via hail formation.

2.3.3 Thermodynamic Conditions

Wind in the skew(t) - log(p) diagram at 34.5°N 119.5°W (Fig. 2.3a) for the time
closest to the peak of the event (6 March 6 UTC) indicates strong warm air advection
below 800 hPa. This strong veering profile near the surface with increasing wind speeds
with height intensifies the mesocyclone and maintains the storm. Most thunderstorms
are associated with high values of Convective Available Potential Energy (CAPE), which
measures the amount of energy available for convection. While this storm had values
of surface-based CAPE up to 1000 J kg! as it made its way across the Pacific Ocean
toward the west coast of California, there was little to no CAPE in Santa Barbara (10
J kg'!) where lightning occurred at 6 March 6 UTC (Fig. 2.3a, A.4). However, like
the extreme precipitation events in Cannon et al. (2018), additional dynamical forcing
can develop convection even when CAPE is low. Although CAPE was low near Santa
Barbara, the proximity of temperature and dew point profiles in the lower troposphere
place the Lifting Condensation Level (LCL) very close to the surface (Fig. 2.3a).

Between 800 and 625 hPa, parcels are saturated, indicating the high moisture con-
tent of the AR (Fig. 2.3a, c). The equivalent potential temperature profile (Fig. 2.3b)
shows decreasing 6 with increasing height, indicating convective instability at the sur-

face as well as in the midlevels between 800 and 600 hPa. A close inspection of the
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Figure 2.3: (a) Skew(t) - log(p) vertical profile of CFSv2 temperature (red line) and
dew point (green line) at 34.5°N and 119.5°W at 6 March 2019 6 UTC. CFSv2 winds
(knots; barbs) are indicated on the right side of the figure for each vertical level.
Surface values of CAPE and Convective Inhibition (CIN) are shown in the bottom
left corner. (b) CFSv2 Equivalent Potential Temperature 6z (blue line; K) at 34.5°N
and 119.5°W at 6 March 2019 6 UTC. (c) Climatological vertical profile of horizontal
water vapor flux (m s') based on MERRA2 at 34.5°N, 119.375°W for all days when
AR conditions are met during the month of March between 1980 and 2015 (i.e. IVT
>= 250 kg m'! s’1) at this location (blue line and box and whisker plots show the
distribution of the 170 events), and vertical profile of horizontal water vapor flux
(m s!) based on CFSv2 (red solid line) and MERRA2 (red dashed line) at the same
location at 6 March 2019 6 UTC. (d) CFSv2 winds (knots, barbs) at vertical levels (km
above mean sea level) at 34.5°N and 119.5°W at 6-hour intervals from 4 March 2019
18 UTC to 6 March 2019 18 UTC. The temperature (°C) is indicated by the color of
the barb. Red barbs mean the temperature was greater than 0°C and blue barbs mean
the temperature was less than 0°C. The height of the 0°C isotherm is indicated by the
black dashed line.
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0 profile at the location of the highest lightning flash density (Fig. A.4) indicates
convective instability at nearly every 6-hour time step for the duration of the storm.
The horizontal water vapor flux (m s?) calculated at each pressure level on 6 March
6 UTC at 34.5°N, 119.5°W, (Fig. 2.3c) indicates that the water vapor flux peaked at
0.17 m s™! between 800 and 700 hPa. Similar results were found when using MERRA2,
although with a slightly lower water vapor flux that occurred around 650 hPa (Fig.
2.3c). Compared to the climatological vertical profile of water vapor flux from the past
March AR events in Santa Barbara, the AR on 6 March 2019 was extremely moist with
maximum moisture peaking at a higher than average pressure level (Fig. 2.3c). The
height (km above mean sea level) of the 0°C isotherm at 34.5°N, 119.5°W (Fig. 2.3d) is
around 2.5 km above mean sea level during the peak of the storm, which is below the
average height of the 0°C isotherm during past AR events in Santa Barbara (Fig. A.2d).
The lifting of moist layers in these thermodynamic conditions either orographically or
by the WCB resulted in conditionally unstable air and strong updrafts below freezing
level (Fig. 2.3c, d). GOES-17 Cloud and Moisture Imagery Brightness Temperature
(Fig. A.5) indicates vigorous convection via cold cloud temperatures that decrease to
approximately -71°C near Santa Barbara at the time closest to the peak of the event.
These cold top temperatures indicate a very strong updraft, which would result in hail
formation when water droplets in the region of the updraft are carried above the freez-
ing level (Pruppacher & Klett, 1997; Wallace & Hobbs, 2006). The lifting of the moist
layers as well as the convective updrafts contributed to the formation of hail with an
average size of 13.5 mm, which is co-located with cold cloud top temperatures (Fig.
A.5), indicating the importance of deep convective updrafts for the development of the

thunderstorms.
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2.3.4 Lightning Conditions

Convective updraft in the lower troposphere are considered important for the build-
up of regions with positive and negative net charges in the mixed-phase region of the
cloud (0°C to -40°C), playing a role in the onset of lightning and thunder (Doswell,
2001; Pessi & Businger, 2009; Price, 2013; Price & Rind, 1993). Enhanced updrafts
increase electrification and lightning rates because they transport droplets to below
freezing levels increasing ice mass (Pessi & Businger, 2009). Downdrafts into the
mixed-phase region of the cloud may aid in pushing hailstones downward and are im-
portant mechanisms for electrification of the storm (Price, 2013; Price & Rind, 1993).
When the updrafted droplets and downdrafted hailstones collide, they can release la-
tent heat, and potentially form graupel, a softer form of hail that is warmer than its
environment (Doswell, 2001; Price & Rind, 1993). Particles in the mixed phase region
of the cloud can collide with graupel and acquire positive charges when ascending
(negative when descending). Over time, this process changes the storm cloud micro-
physics and electrical charges resulting in a negatively charged base and a positively
charged top (Doswell, 2001; Price, 2013).

In the March 2019 storm, updrafts in the deep convective clouds, identified by
overshooting cloud tops (Fig. A.5), could have transported smaller droplets to above
the freezing level, (below 700 hPa), potentially allowing for the formation of hail with
a positive charge (Fig. 2.3a, d, 2.1b, A.5). At the time closest to the peak of the event in
Santa Barbara, dry air was entrained between 600 and 400 hPa as well as in the upper-
levels between 300 and 200 hPa (Fig 2.3a), which could have enhanced downdrafts
contributing in the formation of electrified hailstones.

According to Price and Rind (1993), the proportion of in-cloud (IC) to cloud-to-

ground (CG) lightning pulses in thunderstorms is well correlated with the thickness of
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the cloud region between 0°C and the top of the cloud. Therefore, as the thickness
of the thunderstorm cloud increases, the ratio of IC to CG also increases. Here we use
cloud-top height from GOES-R (GOES-17) Advanced Baseline Imager Level 2 (Fig. A.7)
and the height of the 0°C isotherm (Fig. A.8) as a proxy for cloud thickness. Figure A.6a
shows the number of IC pulses and CG pulses at every 15 minutes between 4 March 0
UTC and 7 March 0 UTC in the region of the extratropical cyclone. Between 4 March
0 UTC and 12 UTC, there are between 2000 and 3000 CG pulses and about 1000 to
2000 IC pulses centered around 26°N and 136°W. The second peak in lightning occurs
at approximately 5 March 12 UTC with almost 4000 CG pulses and 3000 IC pulses
centered around 30°N and 128°W (Fig. A.6a). The last peak of lightning frequency
occurred between 6 March 0 UTC and 6 UTC with approximately 3000 IC pulses and
less than 1000 CG pulses centered at 34°N and 120°W (Fig. A.6a). The cloud top
height near the lightning throughout the event is between 9,000 m and 10,000 m (Fig.
A.7). However, the 0°C isotherm near the lightning drops closer to the ground as time
passes, indicating that the cloud thickness increases as the event progresses (Fig. A.8).
The height of the IC pulses are below 5000 m before 5 March 12 UTC and between
7500 and 10000 m after 5 March 18 UTC (Fig. A.6b). The increased IC pulse height
(Fig. A.6b) could be explained by the increased cloud thickness between the height of
0°C isotherm and the cloud top in the later half of the storm (after 5 March 18 UTC),
similar to the findings of Price and Rind (1993).

2.4 Conclusions

On the coast of the Santa Barbara, CA, an extratropical cyclone and an AR made
landfall at 5 March 2019 12 UTC. The AR intensified until its peak at 6 March 6 UTC,

resulting in precipitation via uplift from the WCB and orographic forcing. This event
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was associated with cold top clouds and vigorous convection that reached its peak at
6 March 2019 4 UTC. While the accumulated rainfall seen during this storm (about 23
mm) is not uncommon in winter storms associated with ARs making landfall in South-
ern California, this system exhibited extraordinary lightning activity for the region. In
30 hours between 5 March 12 UTC and 6 March 18 UTC, ENGLN detected 46,222
flashes of lightning with 85,032 combined IC and CG pulses around Southern Califor-
nia (30°N to 37°N and 130°W to 115°W). Of those, 1,486 lightning pulses occurred
over Santa Barbara County in the 24 hours following 6 March 0 UTC, 533 of which
were cloud-to-ground type.

The lightning activity can be considered highly unusual in a region that observes, on
average less than 23 lightning flashes in the entire month of March. Although the sys-
tem evolved as a typical winter storm associated with a cutoff low, it was exceptional
due to the high water vapor content provided by the AR, particularly at mid-levels
of the atmosphere. The AR developed in an troposphere cooler than average for an
AR, as indicated by the low elevation of the 0°C isotherm (about 2.5 km above mean
sea level). The AR provided higher than average horizontal water vapor flux between
800 and 600 hPa compared to other March landfalling ARs in Santa Barbara. Unlike
most thunderstorms in the tropics, this event was not characterized by significant CAPE
when the storm approached the coast. However, thermodynamic profiles indicated lay-
ers with potential instability near the surface and in the mid-troposphere throughout
the life cycle of the thunderstorms. The uplift of saturated parcels in a convectively
unstable atmosphere from the WCB and further by the orographic forcing resulted in
enhanced updrafts. These updrafts transported droplets in a cold environment and
high moisture availability from the AR, providing the ingredients to form hail. Down-
drafts enhanced by entrainment between 600 and 400 hPa may have contributed to the

downward transport of hail, helping to transform the charge distribution in the clouds
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enhancing lightning activity. Understanding the dynamics of this storm provides the
theoretical basis for future, systematic investigation of the relationship between ARs
and unusual lightning scenarios in other regions. It also is critical to understand these
processes in populated areas such as Santa Barbara, where lightning can significantly

increase hazards during rainfall events.

References

Bolton, D. (1980). The Computation of Equivalent Potential Temperature. Monthly
Weather Review, 108, 1046-1053. https://doi.org/10.1175/1520-0493(1980)
108<1046:TCOEPT>2.0.CO;2

Bosilovich, M. G., Akella, S., Coy, L., Cullather, R., Draper, C., Gelaro, R., Kovach, R.,
Liu, Q., Molod, A., Norris, P., Wargan, K., Chao, W., Reichle, R. H., Takacs, L.,
Vikhliaev, Y., Bloom, S., Collow, A., Firth, S., Labow, G., ... Suarez, M. (2015).
MERRA-2: Initial Evaluation of the Climate. NASA Technical Report NASA/TM-
2015-104606, 43, 136. https://doi.org/https://gmao.gsfc.nasa.gov/pubs/
docs/Bosilovich803.pdf

Browning, K. A. (1986). Conceptual Models of Precipitation Systems. Weather and Fore-
casting, 1, 23-41. https://doi.org/https://doi.org/10.1175/1520-0434(1986)
001<0023:CMOPS>2.0.CO;2

Cannon, F., Hecht, C. W., Cordeira, J. M., & Ralph, F. (2018). Synoptic and Mesoscale
Forcing of Southern California Extreme Precipitation. Journal of Geophysical Re-
search: Atmospheres, 123(24), 714-13. https://doi.org/10.1029/2018JD029045

Cecil, D. J. (2015). LIS/OTD Gridded Lightning Climatology Data Collection Version
2.3.2015. NASA EOSDIS Global Hydrology Resource Center Distributed Active Archive
Center Huntsville, Alabama, U.S.A, accessed 20 August 2019. https://doi.org/
http:/dx.doi.org/10.5067/LIS/LIS-OTD/DATA311

Cecil, D. J., Buechler, D. E., & Blakeslee, R. J. (2014). Gridded lightning climatology
from TRMM-LIS and OTD: Dataset description. Atmospheric Research, 135-136,
404-414. https://doi.org/10.1016/J. ATMOSRES.2012.06.028

Dacre, H. F., Clark, P. A., Martinez-Alvarado, O., Stringer, M. A., & Lavers, D. A. (2015).
How do atmospheric rivers form? Bulletin of the American Meteorological Society,
96(8), 1243-1255. https://doi.org/10.1175/BAMS-D-14-00031.1

Dettinger, M. D. (2013). Atmospheric rivers as drought busters on the U.S. West Coast.
Journal of Hydrometeorology, 14(6), 1721-1732. https://doi.org/10.1175/
JHM-D-13-02.1

36


https://doi.org/10.1175/1520-0493(1980)108<1046:TCOEPT>2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108<1046:TCOEPT>2.0.CO;2
https://doi.org/https://gmao.gsfc.nasa.gov/pubs/docs/Bosilovich803.pdf
https://doi.org/https://gmao.gsfc.nasa.gov/pubs/docs/Bosilovich803.pdf
https://doi.org/https://doi.org/10.1175/1520-0434(1986)001<0023:CMOPS>2.0.CO;2
https://doi.org/https://doi.org/10.1175/1520-0434(1986)001<0023:CMOPS>2.0.CO;2
https://doi.org/10.1029/2018JD029045
https://doi.org/http:/dx.doi.org/10.5067/LIS/LIS-OTD/DATA311
https://doi.org/http:/dx.doi.org/10.5067/LIS/LIS-OTD/DATA311
https://doi.org/10.1016/J.ATMOSRES.2012.06.028
https://doi.org/10.1175/BAMS-D-14-00031.1
https://doi.org/10.1175/JHM-D-13-02.1
https://doi.org/10.1175/JHM-D-13-02.1

An Electrifying Atmospheric River in Santa Barbara Chapter 2

Dettinger, M. D., Ralph, F., Das, T., Neiman, P. J., & Cayan, D. R. (2011). Atmospheric
rivers, floods and the water resources of California. Water, 3(4), 445-478. https:
//doi.org/10.3390/w3020445

Dettinger, M. D., Ralph, F., & Lavers, D. (2015). Setting the stage for a global science
of atmospheric rivers. Eos, 97(1), 7. https://doi.org/10.1029/2015e0038675

Doswell, C. A. (2001). Severe Convective Storms—An Overview. Severe Convective
Storms, 1-26. https://doi.org/10.1007/978-1-935704-06-5{\_}1

EN, E. N. (2019). Earth Networks Global Lightning Network. https://www.earthnetworks.
com/product/weather-sensors/lightning/

Gelaro, R., McCarty, W., Suarez, M. J., Todling, R., Molod, A., Takacs, L., Randles, C. A.,
Darmenov, A., Bosilovich, M. G., Reichle, R. H., Wargan, K., Coy, L., Cullather,
R., Draper, C., Akella, S., Buchard, V., Conaty, A., da Silva, A. M., Gu, W,, ...
Zhao, B. (2017). The Modern-Era Retrospective Analysis for Research and Ap-
plications, Version 2 (MERRA-2). Journal of Climate, 30(14), 5419-5454. https:
//doi.org/10.1175/jcli-d-16-0758.1

Gershunov, A., Shulgina, T., Ralph, F., Lavers, D. A., & Rutz, J. J. (2017). Assessing the
climate-scale variability of atmospheric rivers affecting western North America.
https://doi.org/10.1002,/2017GL074175

GOES-R. (2017). NOAA GOES-R Series Advanced Baseline Imager (ABI) Level 2 Cloud
and Moisture Imagery Products (CMIP) Band 13. https://doi.org/10.7289/
V5736P36

Guan, B., Molotch, N. P., Waliser, D. E., Fetzer, E. J., & Neiman, P. J. (2010). Extreme
snowfall events linked to atmospheric rivers and surface air temperature via
satellite measurements. Geophysical Research Letters, 37(20), n/a-n/a. https:
//doi.org/10.1029/2010g1044696

Guan, B., Molotch, N. P., Waliser, D. E., Fetzer, E. J., & Neiman, P. J. (2013). The
2010/2011 snow season in California’s Sierra Nevada: Role of atmospheric rivers
and modes of large-scale variability. Water Resources Research, 49(10), 6731-
6743. https://doi.org/10.1002/wrcr.20537

Guan, B., & Waliser, D. E. (2015). Detection of atmospheric rivers: Evaluation and
application of an algorithm for global studies. Journal of Geophysical Research:
Atmospheres, 120(24), 12514-12535. https://doi.org/10.1002/2015jd024257

Guan, B., & Waliser, D. E. (2019). Tracking Atmospheric Rivers Globally: Spatial Dis-
tributions and Temporal Evolution of Life Cycle Characteristics. Journal of Geo-
physical Research: Atmospheres, 124, 12523-12552. https://doi.org/10.1029/
2019JD031205

37


https://doi.org/10.3390/w3020445
https://doi.org/10.3390/w3020445
https://doi.org/10.1029/2015eo038675
https://doi.org/10.1007/978-1-935704-06-5{\_}1
https://www.earthnetworks.com/product/weather-sensors/lightning/
https://www.earthnetworks.com/product/weather-sensors/lightning/
https://doi.org/10.1175/jcli-d-16-0758.1
https://doi.org/10.1175/jcli-d-16-0758.1
https://doi.org/10.1002/2017GL074175
https://doi.org/10.7289/V5736P36
https://doi.org/10.7289/V5736P36
https://doi.org/10.1029/2010gl044696
https://doi.org/10.1029/2010gl044696
https://doi.org/10.1002/wrcr.20537
https://doi.org/10.1002/2015jd024257
https://doi.org/10.1029/2019JD031205
https://doi.org/10.1029/2019JD031205

An Electrifying Atmospheric River in Santa Barbara Chapter 2

Harris, S. M., & Carvalho, L. M. (2018). Characteristics of southern California atmo-
spheric rivers. Theoretical and Applied Climatology, 132(3-4), 965-981. https:
//doi.org/10.1007/s00704-017-2138-1

Newell, R. E., Newell, N. E., Zhu, Y., & Scott, C. (1992). Tropospheric rivers? A pilot
study. Geophysical Research Letters, 19(24), 2401-2404. https://doi.org/10.
1029/92GL02916

NOAA. (2019). NOAA Next Generation Radar (NEXRAD) Level 3 Products Hail Signa-
tures and One-Hour Precipitation. https://doi.org/10.7289/V5W9574V

Oakley, N. S., Cannon, F., Munroe, R., Lancaster, J. T., Gomberg, D., & Ralph, F. (2018).
Brief communication: Meteorological and climatological conditions associated
with the 9 January 2018 post-fire debris flows in Montecito and Carpinteria,
California, USA. Natural Hazards and Earth System Sciences, 18(11), 3037-3043.
https://doi.org/10.5194/nhess-18-3037-2018

Oakley, N. S., & Redmond, K. T. (2014). A Climatology of 500-hPa closed lows in the
northeastern pacific ocean, 1948-2011. Journal of Applied Meteorology and Cli-
matology, 53(6), 1578-1592. https://doi.org/10.1175/JAMC-D-13-0223.1

Pessi, A. T., & Businger, S. (2009). Relationships among Lightning, Precipitation, and
Hydrometeor Characteristics over the North Pacific Ocean. Journal of Applied
Meteorology and Climatology, 48(4), 833-848. https://doi.org/10.1175/
2008JAMC1817.1

Price, C. (2013). Lightning Applications in Weather and Climate Research. Surveys in
Geophysics, 34, 755-767. https://doi.org/10.1007/S10712-012-9218-7/
FIGURES/2

Price, C., & Rind, D. (1993). What determines the cloud-to-ground lightning fraction in
thunderstorms? Geophysical Research Letters, 20(6), 463-466. https://doi.org/
10.1029/93GL00226

Pruppacher, H., & Klett, J. (1997). Microphysics of clouds and precipitation (K. Acad,
Ed.). Morwell Mass.

Ralph, F., Neiman, P. J., Wick, G. A., Gutman, S. 1., Dettinger, M. D., Cayan, D. R.,
& White, A. B. (2006). Flooding on California’s Russian River: Role of atmo-
spheric rivers. Geophysical Research Letters, 33(13). https://doi.org/10.1029/
2006g1026689

Ralph, F., Wilson, A. M., Shulgina, T., Kawzenuk, B., Sellars, S., Rutz, J. J., Lamjiri,
M. A., Barnes, E. A., Gershunov, A., Guan, B., Nardi, K. M., Osborne, T., & Wick,
G. A. (2019). ARTMIP-early start comparison of atmospheric river detection
tools: how many atmospheric rivers hit northern California’s Russian River wa-
tershed? Climate Dynamics, 52, 4973-4994. https://doi.org/10.1007/s00382-
018-4427-5

38


https://doi.org/10.1007/s00704-017-2138-1
https://doi.org/10.1007/s00704-017-2138-1
https://doi.org/10.1029/92GL02916
https://doi.org/10.1029/92GL02916
https://doi.org/10.7289/V5W9574V
https://doi.org/10.5194/nhess-18-3037-2018
https://doi.org/10.1175/JAMC-D-13-0223.1
https://doi.org/10.1175/2008JAMC1817.1
https://doi.org/10.1175/2008JAMC1817.1
https://doi.org/10.1007/S10712-012-9218-7/FIGURES/2
https://doi.org/10.1007/S10712-012-9218-7/FIGURES/2
https://doi.org/10.1029/93GL00226
https://doi.org/10.1029/93GL00226
https://doi.org/10.1029/2006gl026689
https://doi.org/10.1029/2006gl026689
https://doi.org/10.1007/s00382-018-4427-5
https://doi.org/10.1007/s00382-018-4427-5

An Electrifying Atmospheric River in Santa Barbara Chapter 2

Saha, S., Moorthi, S., Wu, X., Wang, J., Nadiga, S., Tripp, P., Behringer, D., Hou, Y. T.,
Chuang, H. Y., Iredell, M., Ek, M., Meng, J., Yang, R., Mendez, M. P., Van Den
Dool, H., Zhang, Q., Wang, W., Chen, M., & Becker, E. (2014). The NCEP climate
forecast system version 2. Journal of Climate, 27(6), 2185-2208. https://doi.
org/10.1175/JCLI-D-12-00823.1

USGS. (2019). Post-Fire Debris-Flow Hazards: Thomas Fire. https://landslides.usgs.
gov/hazards/postfire_debrisflow/detail.php?objectid=178

Wallace, J. M., & Hobbs, P. V. (2006). Atmospheric Science: An Introductory Survey.
Academic Press.

Zhu, Y., & Newell, R. E. (1994). Atmospheric rivers and bombs. Geophysical Research
Letters, 21(18), 1999-2002. https://doi.org/10.1029/94GL0O1710

39


https://doi.org/10.1175/JCLI-D-12-00823.1
https://doi.org/10.1175/JCLI-D-12-00823.1
https://landslides.usgs.gov/hazards/postfire_debrisflow/detail.php?objectid=178
https://landslides.usgs.gov/hazards/postfire_debrisflow/detail.php?objectid=178
https://doi.org/10.1029/94GL01710

Chapter 3

Winter and Spring Atmospheric Rivers
in High Mountain Asia: Climatology,

Dynamics, and Variability

D.L. NAsH, L.M.V. CARVALHO, C. JONES, & Q. DING

Abstract

Atmospheric Rivers (ARs) that reach the complex terrain of High Mountain Asia
(HMA) cause significant hydrological impacts for millions of people. While ARs are
often associated with precipitation extremes and can cause floods and debris flows af-
fecting populated communities, little is known about ARs that reach as far inland as
HMA. This paper characterizes AR types and investigates dynamical mechanisms as-
sociated with the development of ARs that typically affect HMA. Combined empirical
orthogonal function (cEOF) analysis using integrated water vapor transport (IVT) is

applied to days where an AR reaches HMA. K-means cluster analysis applied to the

40



Winter and Spring ARs in HMA Chapter 3

first two principal components uncovered three subtypes of AR events with distinct
synoptic characteristics during winter and spring months. The first subtype increases
precipitation and IVT in Western HMA and is associated with a zonally oriented wave
train propagating within the westerly jet waveguide. The second subtype is associated
with enhanced southwesterly IVT, anomalous upper-level cyclonic circulation centered
on 45°E, and precipitation in Northwestern HMA. The third subtype shows anomalous
precipitation in Eastern HMA and southwesterly IVT across the Bay of Bengal. Interan-
nual variations in the frequency of HMA ARs and relationships with various teleconnec-
tion patterns show that western HMA AR subtypes are sensitive to well-known remote
large-scale climate factors, such as the El Nifio Southern Oscillation, Arctic Oscillation,
and the Siberian High. These results provide synoptic characterization of the three
types of ARs that reach HMA and reveal the previously unexplored significance of their

contribution to winter and spring precipitation.

3.1 Introduction

Atmospheric Rivers (ARs), a term coined in the early 1990s, describes a phenomenon
that explains how baroclinic eddies transport large amounts of water vapor via rela-
tively infrequent, long conduits of strong moisture transport across mid-latitudes and
into Polar Regions (Zhu & Newell, 1994). ARs obtain their high water vapor content
from tropical or extratropical moisture sources, moisture convergence, or local evapo-
ration and are often found in the area ahead of the cold front of extratropical cyclones
(Dacre et al., 2015; Rutz et al., 2014). Many studies have shown the global importance
of ARs to poleward moisture transport, climate, and water budgets (Guan & Waliser,
2017; Guan et al., 2018; Ma et al., 2020; Nash et al., 2018; Paltan et al., 2017; Waliser
& Guan, 2017; Zhu & Newell, 1998). Poleward integrated vapor transport (IVT) from
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ARs makes up over 90% of the total moisture transport in the mid to high latitudes
(Guan & Waliser, 2015; Zhu & Newell, 1998). Studies have also shown ARs are related
to precipitation extremes, flooding, seasonal snowpack, and water availability in the
western United States and western Europe (Dettinger, 2011; Guan et al., 2010, 2013;
Lavers & Villarini, 2013; Ralph et al., 2006; Wick et al., 2013). Moreover, ARs mod-
ulate extreme precipitation and anomalous snow accumulation in many other regions
including Antarctica (Bozkurt et al., 2018; Gorodetskaya et al., 2014; Gorodetskaya
et al., 2020), Australia and New Zealand (Kingston et al., 2016; Prince et al., 2021;
Reid et al., 2021; Ye et al., 2020), the Arctic Ocean and Greenland (Baggett et al.,
2016; Hegyi & Taylor, 2018; Mattingly et al., 2018; Mattingly et al., 2020; Neff, 2018;
Wernli & Papritz, 2018; Wille et al., 2019), South America (Ramos et al., 2019; Viale
& Nufiez, 2011; Viale et al., 2018), North Africa (Akbary et al., 2019; Blamey et al.,
2018; Dezfuli, 2020; Massoud et al., 2020), and East Asia (Naoi et al., 2020; Pan & Lu,
2020).

While much is known about ARs that simply cross from oceanic regions to land and
immediately result in precipitation, not much is understood about ARs that penetrate
farther inland (Rivera et al., 2014; Rutz et al., 2014; Rutz et al., 2015), as is the
case in Southern Asia. ARs in Southern Asia are unique as they spend most of their
life cycle crossing land until they encounter the mountainous region surrounding the
Tibetan Plateau referred to as High Mountain Asia (HMA). Yang et al. (2018) identified
a series of ARs that formed near the equator over the Bay of Bengal between 1979 and
2016 and determined that many were associated with tropical cyclones, and while
infrequent, a large proportion of these ARs led to extreme rainfall events in Northeast
India, Bangladesh, and Myanmar. Thapa et al. (2018) detected ARs that crossed a
transect in Nepal and found that 70% of these ARs were related to extreme rainfall

during non-monsoon periods. Both studies indicated that further work is needed to
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understand the synoptic conditions of ARs in Southern Asia and their modulation by
various modes of large-scale climate variability in both monsoon and non-monsoon
seasons.

This study aims to examine ARs that reach HMA and their resulting precipitation,
which is important to improve our understanding of water resources in Southern Asia,
where recent changes in the regional hydrological cycles have been clearly observed
over the past decades but the consensus on the causes of these changes has not been
reached. It is known that precipitation and the resulting glacial melt in HMA in the
spring and summer months provides water resources for hundreds of millions of people
in Southern Asia (Hewitt, 2005; Kaab et al., 2012). The Karakoram mountain range,
located in the western Himalayas, receives approximately 50% of its annual precipita-
tion during winter and spring months from extratropical cyclones or Winter Westerly
Disturbances (WWDs) (Bookhagen & Burbank, 2010; Cannon et al., 2015; Carvalho et
al., 2020; Norris et al., 2018; Norris et al., 2017). Glaciers in the Karakoram have been
stable or advancing in a phenomenon known as the ’Karakoram Anomaly’, attributed
to increased wintertime precipitation, decreasing summer temperatures, and increases
in extratropical cyclone frequency and intensity (Archer & Fowler, 2004; Bolch et al.,
2012; Cannon et al., 2015; Forsythe et al., 2017; Gardelle et al., 2012; Hewitt, 2005;
Kaab et al., 2012; Norris et al., 2018; Scherler et al., 2011). Meanwhile, in Cen-
tral Himalaya, accelerated melting of alpine glaciers has been attributed to increased
temperatures, decreasing precipitation, the weakening of the summer monsoon and de-
crease in nocturnal rains in the mountains induced by the amplification in the anabatic-
katabatic winds (Duan et al., 2006; Krishnan et al., 2013; Norris et al., 2020; Zhao et
al., 2014). In addition, over the past decades, HMA has been at risk for rainfall-related
hazards such as floods, lightning, and landslides that impact nearby populations, in-

frastructure, and glaciers (Kirschbaum et al., 2019). The role of ARs in driving these
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rainfall related phenomenon is currently unaddressed.

The objective of this paper is to characterize the climatology of ARs that bring mois-
ture to HMA and result in distinctive regional patterns of precipitation during the non-
monsoon months (December-March). This study also investigates the relationships
between WWDs and ARs to better understand their interaction with topography and
different large-scale climate drivers. To achieve this, we apply combined Empirical
Orthogonal Function (cEOF) analysis to daily meridional and zonal IVT anomalies to
analyze the variability in synoptic-scale atmospheric fields associated with ARs land-
falling in HMA. We also examine the dynamic relationship between HMA ARs and a
variety of well-known large-scale climate modes that are most representative and pre-
vailing in the tropics, extratropics, and polar regions over a broad range of timescales,
such as the Arctic Oscillation (AO), El Nifio Southern Oscillation (ENSO), Siberian High
(SH), and Madden-Julian Oscillation (MJO). The organization of this paper is as fol-
lows: Section 3.2 describes the data used for this analysis and Section 3.3 outlines the
case selection and the methodology used for the cEOF and k-means cluster analysis as-
sociated with the AR cases selected. Section 3.4 outlines the climatology of HMA ARs
and identifies synoptic AR subtypes. Moreover, we investigate the influence of climatic
modes on the frequency of each ARs subtype and associated synoptic patterns. Results

are summarized in Section 3.5.

3.2 Data

ARs are identified in this study using a combination of geometry (e.g., length,
width), intensity thresholds (e.g., above 85th percentile in HMA), and directional com-
ponents (e.g., must be poleward), on a 6-hourly global basis between 1979 and 2019

based on the widely used AR detection algorithm introduced in Guan and Waliser
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(2015), and refined in Guan et al. (2018). The latest version of this algorithm in-
cludes tracking capabilities from one 6-hour time step to the next (Guan & Waliser,
2019). This AR catalog has been used in many studies and is particularly useful in this
study due to the global spatial scale and the application of relative methods for IVT
intensity thresholds (Lora et al., 2020; Rutz et al., 2019; Shields et al., 2018). The
European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanal-
yses of the global climate (ERAS5) is used here to examine geopotential height, winds,
temperature at multiple pressure levels, as well as IVT and precipitation (Hersbach et
al., 2020). One main issue in exploring precipitation in HMA is that rain gauges are
unevenly distributed and mostly located in lower elevation areas (Andermann et al.,
2011; Norris et al., 2017). In addition, complex topography causes challenges in re-
motely sensed precipitation products, such as systematic underestimation related to the
ability of the IR sensors to distinguish between raining and non-raining clouds (Ander-
mann et al., 2011; Behrangi et al., 2016; Maggioni et al., 2016; Palazzi et al., 2013). To
account for the uncertainty in these data sets, this research compares precipitation from
ERAS with other precipitation data including the Integrated Multi-satellitE Retrievals
for Global Precipitation Measurement (IMERG) VO6B and APHRODITE’s (Asian Pre-
cipitation - Highly-Resolved Observational Data Integration Towards Evaluation) daily
gridded precipitation products (Hersbach et al., 2020; Huffman et al., 2020; Yatagai
et al., 2012). In addition, the analysis was repeated using Modern Era Retrospective
Reanalysis version 2 (MERRA2) and results were found extremely similar (not shown),
indicating the robustness of the results and conclusions (Gelaro et al., 2017). Elevation
of the HMA region was determined using the National Oceanic and Atmospheric Ad-
ministration (NOAA) National Geophysical Data Center’s ETOPO1 1 arc-minute (about
2km) global relief model (see Fig. 3.1) (Amante & Eakins, 2009). For consideration of

AR days, the ETOPO1 data was upscaled to the resolution of the AR Catalog.
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Figure 3.1: Topographical map of High Mountain Asia (HMA) using the NOAA Na-
tional Geophysical Data Center’s ETOPO1 1 arc-minute Global Relief Model showing
the elevation (contours, m) for the HMA domain. The red line indicates 1000 m ele-
vation using ETOPO1 global relief model upscaled to 0.5° horizontal resolution used
for identifying HMA ARs. The labels show the relative locations of mountain ranges.
The inset map indicates the domain used for the cEOF analysis with the blue bound-
ing box indicated the extent of the topographical map.
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We investigated climate modes that are known to influence water vapor content
in the troposphere, position and intensity of the subtropical jet, Rossby wave activity,
and the storm track in the Northern Hemisphere: AO, ENSO, SH, and MJO. The AO
and ENSO indices used for this study were calculated by the National Weather Service
Climate Prediction Center (www.cpc.ncep.noaa.gov). The ENSO index is based on the
Oceanic Nifio Index (3-month running mean of SSTAs in the Nifio 3.4 region) (Tren-
berth, 1997). El Nifio (La Nifia) seasons are identified when the index exceeds +0.5°C
(-0.5°C) for at least five consecutive months. The SH index was created by spatially
averaging sea-level pressure over the region 80-120°E, 40-65°N during DJF between
1979 and 2019 and then standardized by subtracting the mean and dividing by the
standard deviation of the time series (Panagiotopoulos et al., 2005). For both the AO
and SH, conditions are considered positive (negative) when their respective index is 0.5
(-0.5) standard deviation above (below) zero. Due to the complexity of the MJO and
the wide variety of indices used to identify MJO events, this study uses two different
MJO indices. The first is the commonly used Real-time Multivariate MJO (RMM) index
which uses cEOF analysis of normalized outgoing longwave radiation, 200 hPa zonal
wind and 850 hPa zonal wind meridionally averaged at all longitudes between 15°S
and 15°N (Wheeler & Hendon, 2004). MJO composites use phases in which the mag-
nitude of the index is greater than one (Wheeler & Hendon, 2004). Daily RMM index
values were obtained from the Centre for Australian Weather and Climate Research.
The second is the MJO index of Jones (2009), which, in addition to using 20-200 day
bandpass-filtered anomalies in the cEOF (same variables as RMM index), defines an
MJO event as those that exceed an amplitude of one and have eastward propagation
(Jones, 2009). These considerations improve the accuracy of the representation of the

temporal evolution of MJO events (Jones, 2009).
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3.3 Methods

3.3.1 AR events

To focus on ARs that reached HMA, days where an AR reached the 1000 m eleva-
tion threshold or higher (between 20°N and 40°N and 65°E and 97°E) were considered
an AR day in HMA (see Fig. 3.1). While the number of AR events is sensitive to
the choice of elevation threshold, the dynamics explaining these events are not af-
fected. Between 1979 and 2019, we found a total of 1399 AR days in DJF and 1758
days in MAM intercepting the 1000 m elevation threshold. The independence of these
events was assessed based on the results of the tracking capabilities from the Guan
and Waliser (2019) AR detection algorithm v3. This method uses feature tracking and
spatial overlapping from one 6-hour time step to the next to construct the AR tracks
(see Guan and Waliser (2019) for more discussion). This resulted in a total of 2278 AR
independent events in DJFMAM, which were used to assess the statistical significance
tests performed in Section 3.4.3. Approximately half of the events in both DJF and
MAM lasted less than 1 day while 10% of the events in both seasons were 5 days or
longer. Because of the increased magnitude in water vapor and precipitation and the
decreased magnitude in upper-level wind speeds in the spring season compared to the
winter season, the seasons were initially separated for the cEOF and k-means cluster
analysis. The subtypes of ARs in DJF were extremely similar to the subtypes found in
MAM (not shown). Therefore, we discuss the results obtained for the entire DJFMAM

season.
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3.3.2 Combined EOF and k-means cluster analysis

A combined EOF analysis (cEOF) was performed to identify the main atmospheric
patterns associated with ARs making landfall in HMA. The cEOF analysis was applied
to daily meridional and zonal IVT anomalies using ERA5 reanalysis, in a domain ex-
tending between 20°E to 100°E and 10°N to 50°N for all selected AR days. Since EOF
analysis is sensitive to the domain size and choice of variables, several tests were per-
formed to find the optimum domain and the necessary number and type of variables
to properly distinguish AR regimes (not shown). We found that despite some variation
between number of ARs, variables, and domain choice for the cEOF analysis, results
converged indicating the robustness of the analysis. The spatial loadings were calcu-
lated (see Appendix B.1 for details) and the distribution of the leading two cEOFs were
analyzed (Wilks, 2019a). A k-means cluster analysis was further applied to highlight
the prominent spatial differences between AR subtypes (see Appendix B.2 for details).
Cluster analysis is a form of unsupervised learning that allows for an objective separa-
tion of data into groups based on the degree of similarity and differences in the spatial
loadings (Wilks, 2019b). This methodology can bring out unique grouping of data that
might not have been identified, making it a powerful tool for an objective stratification
of distinct atmospheric patterns (Cheng & Wallace, 1993; Mercer et al., 2012; Peters
& Schumacher, 2014). The results of the k-means clustering analysis are discussed in

section 3.4.2.
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3.4 Results

3.4.1 Climatology of ARs in High Mountain Asia

The climate of HMA from December to March is mainly influenced by Winter WWDs
which are related to extratropical cyclones (Bookhagen & Burbank, 2010; Cannon et
al., 2015; Lang & Barros, 2004). These disturbances are associated with the propaga-
tion of troughs and ridges in the upper-level jet stream that can result in precipitation
if enough moisture is present when orographically forced (Cannon et al., 2016; Filippi
et al., 2014; Singh et al., 1995). There are on average 70 WWDs related to extratropi-
cal cyclones per winter and spring season, but only 25% of WWDs result in large-scale
precipitation (Hunt et al., 2018). Cannon et al. (2015) suggested that moisture advec-
tion was important for extreme precipitation events related to WWDs while Hunt et al.
(2018) concluded that rainfall associated with WWDs is related to both orography and
the intensity of the WWD. The mechanism behind extreme rainfall related to WWDs
still remains elusive and we expect that water vapor transport from less frequent, but
impactful ARs is critical to determine seasonal mean precipitation during the winter
and spring months in HMA.

A seasonal climatology IVT and AR frequency over Southern Asia using ERAS re-
analysis and the global atmospheric river detection catalog (Guan & Waliser, 2015;
Guan et al., 2018; Guan & Waliser, 2019) for the years between 1979 and 2019 is
shown in Fig. 3.2. During winter (DJF) and spring (MAM) months, the highest fre-
quency of ARs (right column) is observed in subtropical latitudes (between 30-40°N),
which implies that ARs are associated with extratropical cyclones, otherwise known
as WWDs. (Bookhagen & Burbank, 2010; Cannon et al., 2015; Lang & Barros, 2004;

Norris et al., 2018). As expected, during the winter months (DJF) the highest IVTs are
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observed in tropical latitudes. We also notice an anticyclonic circulation over India,
which is typically observed during DJF. Between 30-40°N IVT is, on average, less than
200 kg m! s and yet, during DJF there is an AR 8-10% of the time over Southwest
Asia. In MAM, IVT begins to increase in subtropical latitudes (to about 150 kg m* s1)
following the transition from anticyclonic to cyclonic circulation over India during the
pre-monsoon season, which brings more moisture to subtropical latitudes associated
with the intensification of the westerly flow between 20°N and 30°N. On average, we
observe an AR during MAM about 8-12% of the time affecting Southwest Asia and 2-
4% of the time in Southeast Asia. To quantify the relationship between extratropical
cyclones related to WWD and HMA ARs, we used a catalog developed by Hunt et al.
(2018) that identified WWDs over Pakistan and Northern India. This catalog, which
extends from 1979 to 2015 identified approximately 2600 WWDs between the months
of December to March, averaging about 12 WWDs per month. Therefore, compared
to our 2278 AR events, WWDs are just as frequent as HMA ARs (Hunt et al., 2018).
When we compared the days with ARs to the days with WWDs based on this catalog,
we find that while 73% of ARs occur simultaneously with a given WWD day, only 42%
of WWDs are associated with ARs.

Summer (JJA) ARs are typically associated with higher magnitudes of IVT from
the Arabian Sea east across Southern India, through the Bay of Bengal and northeast
from there. This strong westerly flow and high IVT (exceeding 500 kg m™! s'!) indicate a
strong association with the summer monsoon flow. Therefore, during JJA, ARs typically
affect the Indian Peninsula and adjacent oceans, with a frequency exceeding 10% of
the time on average. The higher water vapor transport during the summer season is
attributed to increased evaporation over the Indian Ocean and changes in circulation
associated with the mature phase of the summer Indian monsoon (Carvalho et al.,

2016; Goswami & Mohan, 2001; Yang et al., 2018; Zhao et al., 2016). In fall (SON) the
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Figure 3.2: (a-d) The average IVT (shaded; kg m™! s1) and IVT direction and magni-
tude (vectors; kg m™! s1) for each season between 1979-2019 using ERAS data. (e-h)
The average AR frequency (shaded; percent of time steps) for each season between
1979-2019 using ERAS5 data.
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highest values of IVT (less than 150 kg m™! s!) are observed in the low latitudes, south
of the Indian Peninsula following the progress of the monsoon toward the Southern
Hemisphere (e.g., (Carvalho et al., 2016)). There is an AR between 2-6% of the time
during the fall affecting Southwest and Southeast Asia. The frequency of these events
also increases over Eastern Europe in the mid-latitudes.

To determine the relative contribution of HMA ARs to precipitation, Fig. 3.3 shows
the average seasonal total precipitation and the AR precipitation fraction. The AR pre-
cipitation fraction is the precipitation (in all grid cells) that occurs on HMA AR days
that season compared to the total seasonal precipitation. During the winter (DJF) (Fig.
3.3a), precipitation is on average between 400-675 mm season’! and occurs primarily
in the Pamir Mountains and along the Himalayas at elevations greater than 1000 m.
Spring (MAM) (Fig. 3.3b) precipitation increases particularly in Eastern Himalaya, the
Karakoram, the Pamirs, and Tien Shan Mountains (see Fig. 3.1 for location details).
The contribution of precipitation during HMA ARs in DJF is around 60% and about
45% during MAM across HMA. In the area near Mumbai, HMA ARs contribute up to
80% of the total DJF seasonal precipitation (Fig. 3.3 and B.2). However, precipita-
tion from ERAS indicates high variability (standard deviation) in the high elevation
regions and during the spring season (Fig. B.3). To check for consistencies, this anal-
ysis was repeated with IMERG-PM and APHRODITE (Fig. B.1). All three precipitation
datasets show high precipitation totals along the Himalayas-particularly in the Karako-
ram and Eastern Himalaya regions but with varying magnitudes and spatial patterns.
ERAS overestimates precipitation compared to APHRODITE and IMERG-PM and had
a higher variance in the eastern Himalayas compared to the other precipitation data
sets. Despite these differences, all three precipitation datasets show that HMA AR days
contribute roughly 60% of total DJF precipitation and around 40% of total MAM pre-

cipitation between 2000 and 2015 along HMA. Interestingly, there is roughly the same
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contribution of AR events to the total precipitation during the summer monsoon (JJA)
and post-monsoon (SON) seasons, indicating the importance of water vapor transport
by tropical intraseasonal oscillations (ISOs) in contributing to the total precipitation
over the region during the monsoon season.

The climatology in Figs. 3.2 and 3.3 show that winter months have much less pre-
cipitation in eastern Himalayas and overall a lower magnitude of IVT across Southern
Asia compared to spring months. During the winter and spring months in Southern
Asia, monsoon circulation weakens and temperatures on the Tibetan Plateau are much
colder than temperature at the same altitude over the surrounding oceans, resulting
in a typical winter monsoon pattern on India characterized by low-level northeastern
winds over the southern Indian peninsula. Meanwhile, the westerly jet is strengthened
but retreated equatorward to linger around 30°N. This increases the frequency of east-
ward propagating synoptic circulation systems along the jet such as WWDs from up-
stream regions toward HMA. (Bookhagen & Burbank, 2010; Krishnamurti & Bhalme,
1976; Wang, 2006). The waviness of the jet combined with topographic influence
favors upper-level divergence ahead of the WWD, orographic lifting, and large-scale
convection that may result in more interactions between ARs with local precipitation
in HMA. In the spring, there is higher atmospheric moisture content due to increased
temperatures and saturation vapor pressure in and around HMA at the lower levels, in-
creasing convective instability and the occurrence of precipitation events (Bookhagen
& Burbank, 2010; Wang, 2006). It has been shown that in the spring months preced-
ing the monsoon season, the interaction of extratropical cyclones with the warm moist
tropical air mass leads to enhanced moisture advection toward the mountains (Barlow
et al., 2005; Cannon et al., 2017). These warmer, moister, and less stable atmospheric
conditions combined with orographic forcing can work together to result in more active

roles of ARs in triggering intense precipitation over HMA. It seems that more attention
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Figure 3.3: (a-d) The average ERAS5 precipitation seasonal totals (shaded; mm
season™') for DJF, MAM, JJA, and SON. For each grid cell the total seasonal precipi-
tation is calculated per year, then averaged over all years between 1979-2019. (e-h)
The AR precipitation fraction (shaded, % of total seasonal precipitation) for each sea-
son. The total seasonal precipitation that occurs within the AR object is calculated for
each season. The AR precipitation fraction is then the total seasonal precipitation that
occurs only within HMA ARs divided by the total seasonal precipitation, multiplied by
100 and then averaged over the years between 1979-2019.
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should be placed on the impact of ARs, moisture availability and other key atmospheric

variables that critically control moisture advection in the seasons.

3.4.2 Defining patterns of variability of AR events

Combined EOF (cEOF) analysis followed by k-means cluster analyses were applied
to identify the main synoptic patterns associated with the occurrence of AR events
(see section 3.3.2 and Appendix B.1). Daily meridional and zonal IVT anomalies from
ERAS reanalysis were used between 20°E to 100°E and 10°N to 50°N for the cEOF. To
test the influence of seasonality on the cEOF and k-means cluster analysis we separated
DJF and MAM AR days. While magnitudes of the resulting composites vary between
the two seasons, the cEOF spatial patterns and the resulting synoptic conditions of
the subtypes identified in the separate seasons were very similar. Therefore, results
presented included cases in both seasons (hereafter, DJFMAM).

Figure 3.4a shows the fraction of the total percent of variance represented by each
of the corresponding PCs. The first two PCs of the correlation matrix for the mean
meridional and zonal IVT anomalies during HMA AR days in DJFMAM account for ap-
proximately 14% of the normalized DJFMAM IVT variance. According to the North
(1984) test, only the first 2 cEOFs were sufficiently separated. PC3 and PC4, while not
separated from each other, do appear to represent distinct variance and were included
during the testing phase of the k-means clustering analysis to determine if they were
necessary to retain. There was little variation in the final results when PC3 or PC4
were included in the k-means clustering analysis. Therefore, only the first two PCs
were retained for the final analysis. The spatial loading patterns of the first four cE-
OFs (see Fig. 3.5) reflect the underlying circulation patterns in the atmosphere during

these HMA AR events. For example, cEOF1 reflects the pattern of a strong anticyclonic
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anomaly centered around the northeastern Arabian Sea with strong southwesterly flux
across Southwest Asia that reaches roughly 40°N. While the second cEOF is also as-
sociated with above-average southwesterly flux over Southwest Asia the anticyclonic
anomaly is located west of the anticyclone in cEOF1, and the IVT doesn’t reach as far
poleward as cEOF1. In addition, cEOF2 shows a cyclonic anomaly centered over the
eastern Mediterranean Sea that appears to be interacting with the anticyclonic anomaly.

To objectively characterize spatial differences between AR subtypes we applied the
k-means cluster analysis to the first two PCs (see section 3.3.2 and Appendix B.2). To
estimate the optimal number of clusters, we examined the estimated kernel density
function for the subspace of the first two PCs (Fig. 4b) (Peters & Schumacher, 2014).
The kernel density estimate of the first two PC loadings exhibits one distinct maxima for
all cases in DJFMAM approximately centered in a region with negative PC2 and biased
toward a positive PC1 loading (yellow point, Fig. 3.4b). There are two additional
less distinct maxima (green and red points, Fig. 3.4b) that are related to positive
(red point) and negative (green point) PC2 loading. To ensure the robustness of the
choice for the number of clusters, we also calculated the mean silhouette scores, which
display how close each point in one cluster is to points in the neighboring clusters
(Wilks, 2019b). A mean silhouette score of 1.0 would indicate that the sample is far
away from other clusters. By reiteratively running the k-means clustering with k values
from 1 to 15 and identifying the highest mean silhouette score, 3 was identified as the
optimal k for both seasons (see Fig. 3.4c). Additionally, we performed sensitivity tests
for k=2 and k=4 by performing numerous composites (not shown) and concluded
that k=3 was the optimal number of clusters for the selected HMA AR cases. Figure
3.4d shows the kernel density estimate using the identified 3 clusters from the k-means
cluster analysis with each subtype having a unique centroid. All subtypes had sufficient

sample size to break them into 3 clusters (n=857, 886, and 1414 for AR Type 1, 2, and
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Figure 3.4: (a) Percent of variance explained by the first 21 DJFMAM PCs and their
associated error calculated using the North Test (Wilks, 2019a). (b) Estimated kernel
density function for PC1 and PC2 loadings for the ERA5 data analyzed for all AR
events (contour lines) during DJFMAM. The three points indicate the PC loadings for
three specific AR days that were categorized as different AR types during the k-means
cluster analysis. (c¢) The mean silhouette score for clusters k=2 through k=15 (blue
line). The ideal number of clusters chosen is where the mean silhouette score is the
highest (Wilks, 2019b). (d) Same as (b) but broken down by AR Types after the
k-means cluster analysis. The points in (d) are the same as those in (b).
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Figure 3.5: The first four eigenvectors of cEOF analysis for the mean IVT (shaded, kg
m! s1), zonal, and meridional IVT (vectors, kg m™! s1) anomalies during HMA AR
days in DJFMAM at gridpoints in southern Asia. The percentages in the top right of
each panel show the fraction of the total percent of variance represented by each of
the corresponding cEOFs. The blue line indicates the mean position of the core of the

250 hPa subtropical jet (>40 m s'1).
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3, respectively).

To evaluate the temporal relationships among AR subtypes for both seasons, tran-
sition probabilities were computed to determine the likelihood of each AR Type transi-
tioning to another AR Type or to a non-AR day. Figure 3.6a shows the probability that a
Type 1 AR, Type 2 AR, Type 3 AR, and non-ARs will transition to another type of AR (or
non-AR) the next day. In all cases there is a 45% to 50% chance that any AR Type will
remain in the same AR type the next day. In some occasions, AR types transition from
one type to another. For instance, the probability that Type 2 AR would transition to a
Type 1 AR is higher than to Type 3, while the probability that Type 1 AR would transi-
tion to a Type 3 AR is higher than to Type 2. Nonetheless, ARs are typically transient
(half of the ARs last 1 day or less) and there is between 20% to 40% chance that any
AR type will transition to a non-AR the next day. The next section will describe how
the results from the combined EOF and k-means cluster analysis were used to create

synoptic composites for each of the unique AR subtypes.

3.4.3 Characterization of synoptic subtypes

Synoptic conditions associated with AR subtypes were characterized by performing
composites of mean (Fig. 3.7) and anomalies (annual cycle removed) (Fig. 3.8) for
IVT, 250 hPa geopotential heights and winds, and precipitation. The most notable
differences between the three subtypes can be identified by the location and strength
of the subtropical jet and geopotential anomalies, as well as the intensity and direction
of the IVT. Type 1 ARs are associated with anticyclonic flow of above average IVT over
southwest Asia and result in precipitation in Hindu Kush and Karakoram mountain
regions. Type 2 ARs are characterized by southwesterly IVT over southwest Asia and

above average precipitation in the Zagros, Pamir and Tien Shan mountain regions.
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Figure 3.6: (a) The state transition probability matrix for DJFMAM days that start
in state O (no AR, first row), state 1 (Western HMA AR, second row), state 2 (North-
western HMA AR, third row) and state 3 (Eastern HMA AR, fourth row) and ends up
in state 0 (no AR, first column), state 1 (Type 1 AR, second column), state 2 (Type 2
AR, third column), or state 3 (fourth column). The transition period is 1 day and the
probability is given in percent. (b) The number of ARs and their respective duration
(days). The blue line represents all ARs, green is Western HMA ARs (Type 1), red is
Northwestern HMA ARs (Type 2), and yellow is Eastern HMA ARs (Type 3).
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Type 3 ARs are characterized by southwesterly IVT that is mostly sourced from the Bay
of Bengal and Northern India and results in precipitation across HMA, particularly in
eastern Himalaya. For simplicity, we will refer to the ARs by the general location of the
majority of their resulting anomalous precipitation. For example, Type 1 ARs will be
referred to as Western HMA ARs, Type 2 ARs as Northwestern HMA ARs, and Type 3
as Eastern HMA ARs for the remainder of the paper. The seasonal frequencies of these
events (see Fig. B.4) show that Western and Northwestern HMA ARs are most frequent
in March, with all three types occurring up to 250 times between 1979 and 2019. This
is important as March is considered a transition month and interannual variability in
temperatures (particularly freezing levels) can impact the amount of rain versus the
amount of snow. Eastern Himalayan ARs dominate in May, where there has been over
350 ARs between 1979 and 2019.

Western HMA ARs (Type 1, Fig. 3.7, first row) are identified by IVT with a west-
erly flow centered around 25°N and above-average precipitation in the Karakoram and
Hindu Kush mountain regions with precipitation reaching between 16-20 mm day! in
the Western Himalayas and the Karakoram. The subtropical jet for Western HMA ARs
is weaker along HMA on average compared to Northwestern HMA ARs. Western HMA
ARs are associated with anomalous trough and cyclonic circulation located at about
30°N and 60°E at 250 hPa and enhanced southwesterly moisture flux across northwest-
ern India (see Fig. 3.8). Western HMA AR IVT has a more southwesterly orientation for
the two days prior to the AR crossing the 1000 m threshold, but then has a more zonal
orientation two days after, resulting in above average precipitation in the Karakoram
and Western Himalayas (see Fig. B.5 and B.6). Some ARs that were identified in win-
ter and spring months in Thapa et al. (2018) are considered Western HMA ARs (e.g.,
5 Feb 2013, 5 Mar 1980, and 17-19 Feb 2003, among others). Thapa et al. (2018)

concluded that these AR events are the main mechanism for bringing moisture into
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Figure 3.7: DJFMAM average composites of (left column) IVT (shaded, contours, kg
m! s1), (middle column) 250 hPa wind speeds (shaded and vectors; m s1) and 250
hPa geopotential height (contours; dam), and (right column) precipitation (shaded;
mm day‘l) for Western HMA ARs (Type 1, first row), Northwestern HMA ARs (Type
2, second row), and Eastern HMA ARs (Type 3, third row).
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Figure 3.8: DJFMAM average anomaly composites of (left column) IVT (shaded, con-
tours, kg m! s1), (middle column) 250 hPa wind speeds (shaded and vectors; m s1)
and 250 hPa geopotential height (contours; dam), and (right column) precipitation
(shaded; mm day') for Western HMA ARs (Type 1, first row), Northwestern HMA

ARs (Type 2, second row), and Eastern HMA ARs (Type 3, third row). Only values
that are considered statistically significant at the 95% confidence interval are shaded.
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HMA in non-monsoon months and they associate them with most extreme precipita-
tion events in non-monsoon months. The detection algorithm employed in Thapa et al.
(2018) focused on ARs that crossed a transect in Nepal, and they concluded that these
types of ARs were less likely to occur in MAM compared to DJF due to lack of synoptic
forcing. Our results show that Western HMA ARs are more likely to occur in MAM than
DJF, though discrepancies between this work and Thapa et al. (2018) are most likely
to differing detection algorithms and study region.

Northwestern HMA ARs (Type 2, Fig. 3.7, second row) are associated with en-
hanced southwesterly IVT that brings moisture from up near the Red Sea, across south-
west Asia and the Persian Gulf and northwest into Hindu Kush, Pamirs, Karakoram,
and Tien Shan regions. Northwestern ARs result in up to 8 mm of precipitation per
day in the Pamirs, and up to 20 mm day' in Eastern Himalaya. Anomaly composites
show that Northwestern ARs result in above-average precipitation in the Pamirs as-
sociated with a trough centered around 40°N and 40°E and a ridge centered at 30°N
and 70°E that are 100 m below and above average heights respectively (see Fig. 3.8).
The wave train from Central Europe to East Asia also appears to encourage northwest-
erly moisture flux from the Mediterranean Sea to the Red Sea, where the tilted trough
then facilitates southwesterly vapor transport straight to the region surrounding West-
ern Himalayas. In addition, anticyclonic IVT anomalies over the Arabian Sea funnel
even more moisture poleward toward HMA. While there were no significant trends for
HMA AR frequency, Smith and Bookhagen (2018) show evidence for increases in snow-
water-equivalent storage in the northwestern region of HMA during DJF and in the
high-elevation regions of the Pamirs and the Karakoram during MAM. These changes
are attributed to increases in precipitation due to higher intensity WWDs in the most
recent years and could be related to the ’Karakoram Anomaly’ (Smith & Bookhagen,

2018). It is possible that Northwestern HMA ARs could be related to the growing
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glaciers in the northwestern HMA region. Although we found no significant trend in
the frequency of different AR Types, further work is needed to investigate how dynami-
cal and thermodynamical features have changed in recent decades with regard to ARs.
Precipitation in Eastern Himalayas during Northwestern HMA ARs could be attributed
to the trough over Northeast India, which encourages the transport of moisture towards
Eastern Himalayas. Roughly 15% of the time that there is a Northwestern HMA AR,
an additional AR in Southern Asia transporting moisture to the Eastern Himalayas was
identified. However, this moisture transport and resulting precipitation in Eastern Hi-
malayas during Northwestern HMA ARs is not considered significantly above-average.

Some Northwestern HMA ARs have also been found to extend backwards across
northern Africa. Massoud et al. (2020) documented an AR on January 25, 1994 that
stretched over 12,000 km from western North Africa to the Karakoram. This was an
anomalous case as the majority of the other ARs that impact the Middle East and North-
ern Africa were found to originate over the North Atlantic and dissipate in Iran where
the Zagros Mountains in western Iran reach heights of 1250 m (Massoud et al., 2020).
Another example of a Northwestern HMA AR that traversed northern Africa and ul-
timately ended in western Himalayas was documented in Dezfuli (2020) as well as
Massoud et al. (2020). This AR, named "AR Dena", resulted in widespread flooding,
particularly in Iran (Dezfuli, 2020). Dezfuli (2020) suggested that the moisture in the
AR was enhanced due to warmer than normal marine basins that the AR passed over.
While it is curious how Northwestern HMA ARs are able to traverse the complex topog-
raphy of southwest Asia so far inland, the deep synoptic troughs along southern Iran
and Pakistan appear to allow for moisture from marine basins, such as the Persian Gulf
and Arabian Sea, to reinforce the aggregation of water vapor that is then transported
all the way to the Pamir Mountains via cyclonic circulation as suggested in other re-

gions where ARs persist inland (e.g., Cordeira et al., 2013; Dezfuli, 2020). Then, as
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moisture-filled air in the AR is forced orographically, precipitation most likely develops
on the windward side of the mountains.

Eastern HMA ARs (Type 3, Fig. 3.7, third row) are characterized by IVT from
northern India extending eastward resulting in precipitation in the eastern Himalayas.
The 250 hPa geopotential heights and winds for these ARs indicate the subtropical jet
is located between 20°N and 35°N with a jet streak occurring across southwest Asia.
Eastern HMA ARs coincide with a 250 hPa trough centered around 30°N and 75°E that
is about 20 m below average height and ridge to the west of the trough that is about 20
m above average height (Fig. 3.8). These ARs are associated with above average south-
westerly vapor transport from the Bay of Bengal region up to the Eastern Himalayas
which most likely resulted in above average precipitation from terrain effects (see Fig.
3.8). Some ARs that were identified in winter and spring months in Yang et al. (2018)
are considered Eastern HMA ARs in this analysis. Yang et al. (2018) suggests that the
majority of these ARs are heavily influenced by tropical activity, where tropical cyclones
can enhance longitudinal transport of water vapor in the ARs. Additionally, they con-
cluded that a high proportion of December and January ARs in the Bay of Bengal led
to extreme rainfall (Yang et al., 2018).

The synoptic conditions associated with all three HMA ARs have similarities with
WWDs. What makes HMA ARs unique from WWDs is the enhanced moisture con-
tent within the AR. Cannon et al. (2015) investigated extreme precipitation events in
the Karakoram and Central Himalaya and found that, while similar synoptic condi-
tions were characteristic of WWDs for both regions, events that resulted in extreme
precipitation in the Karakoram were independent from events that resulted in extreme
precipitation in Central Himalaya. The main difference between the two types of events
was the position of the trough, location of the moisture source, and precipitation. Our

results show similar conditions for Western HMA ARs and Karakoram extreme precip-
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itation, whereas Eastern HMA ARs resemble synoptic conditions that caused extreme
precipitation in Central Himalaya in Cannon et al. (2015). Synoptic conditions during
Northwestern HMA ARs resemble conditions leading (-2 days) extreme precipitation in
the Karakoram region in Cannon et al. (2015), which aligns with the 24% probability
that Northwestern HMA ARs transition to Western HMA AR within one-day (see Fig.
3.6). Further complicating matters, there can be more than one AR reaching HMA at
any given time. For example, roughly 15-17% of any AR type occurs simultaneously
with an additional AR in the Southern Asia region, indicating the complexity of HMA
ARs compared to ARs in other regions of the world.

The median IVT within all three AR Types is roughly 200 kg m! s and 50% of each
AR type contains IVT between 100 and 300 kg m'! s, A little under half of the events
for each AR type falls outside the interquartile range, with very few events reaching up
to 700 kg m! s, indicating the large variability of these ARs (see Fig.B.4b). Similarly,
precipitation for each AR Type shows large variability, with less than 25% of each type
contributing a maximum of 55-115 mm per AR event. In the area they are most likely
to see above-average precipitation, the majority of ARs in each subtype results in less
than 10 mm per event of precipitation (see Fig. B.4c). For example, for Eastern HMA
ARs, if you area-average the total precipitation per AR event around Eastern HMA
(24-30°N, 90-100°E), the majority of ARs contribute between 1 and 10 mm event.
This confirms what previous research has said about ARs - impactful ARs are relatively
infrequent and just a few AR events per season can lead to significant contributions to

water resources where they make landfall.
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3.4.4 Climate Modulation

Using the HMA AR climatology presented in this research, we investigate the influ-
ence of ENSO, AO, SH, and MJO on the frequency and intensity of HMA ARs during
the winter and spring seasons. On interannual timescales, ENSO, AO, and SH, among
others, have been shown to influence some of the variability in precipitation and cir-
culation in Southern Asia (Cannon et al., 2015; Gong & Ho, 2002; Gong et al., 2001;
Wu & Wang, 2002; Yadav et al., 2009). The main goal of this section is to explore how
these different climate modes modulate the frequency and intensity of HMA ARs.

ENSO warm phases have been shown to increase precipitation in western Himalaya
during the winter, attributed to increased convergence over southeastern Asia due to
increased subsidence over the maritime continent (Cannon et al., 2015; Yadav et al.,
2009). During the warm phase of ENSO, when the tropical oceans are warmer than
usual, anomalous upper-level convergence over southern Asia has been shown to in-
tensify WWDs (Thapa et al., 2018; Yadav et al., 2009). Rana et al. (2019) explains
that increased precipitation in Central Southwest Asia during winter season El Nifio
years is mainly attributed to a deepened trough over Central Southwest Asia with cy-
clonic circulation that enhances southwesterly flow and moist air advection from the
Indian Ocean basin into Central Southwest Asia. Guan and Waliser (2015) found that
El Nifio conditions slightly increase NDJFM AR frequency in southwest and southern
Asia but has no considerable impact on precipitation. AR frequency was shown to de-
crease significantly in southwest Asia during La Nifia years in NDJFM (Guan & Waliser,
2015).

Here we evaluated the importance of the climate modes by calculating the differ-
ence in the proportion of HMA ARs for El Nifio phase compared to La Nifia phase, AO+

conditions compared to AO- conditions, SH+ conditions compared to SH- conditions
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and MJO conditions compared to no MJO conditions (see Table 3.1). For example,
we compute the seasonal proportions of HMA ARs for El Nifio and La Nifia conditions
during 1979-2019; the null hypothesis is that El Nifio and La Nifia frequencies are
equal. This is evaluated using a z test at the 5% significance level (see Appendix B.3
for equations). Significant differences at a 5% and 1% significance level in Table 3.1 are
noted and indicate that Western and Northwestern HMA ARs are more frequent during
El Nifio compared to neutral and less frequent during La Nifia conditions compared
to neutral. However, ENSO related changes in frequency are considered significantly
larger during La Nifia conditions than during El Nifio conditions. To investigate the
impact of ENSO on the magnitude of IVT within the AR, we examined the distribution
of the average IVT anomalies within the AR during the different types of HMA ARs for
La Nifia, neutral, and El Nifio conditions (Fig. B.8a). There does not appear to be any
dramatic difference in the average IVT magnitude within the ARs when comparing El
Niflo, neutral, and La Nifia conditions. Eastern HMA ARs during La Nifia seem to have
larger variability in AR IVT, but few outliers, whereas Eastern HMA ARs during El Nifio
have less variability but larger outliers.

To understand why El Nifio conditions favor increased frequency of Karakoram and
Pamir ARs in contrast with La Nifia, we compare DJFMAM averages of moisture and
circulation fields for the two phases of the ENSO. Figures 3.9(a, d, g) shows the dif-
ference (El Nifio minus La Nifia) in the anomalies of IVT, 250 hPa geopotential height
and winds, and precipitation and 500 hPa winds for Western HMA ARs and Fig. 3.9b,
e, and h show differences for Northwestern HMA ARs. It is important to note that
anomalies are relative to their respective AR Climatologies (see Fig. 3.8) and not the
annual climatology. At upper levels, Western and Northwestern HMA ARs are related
to weaker upper-level trough centered at 30°N and 40°E and a stronger ridge near

80°E during El Nifio conditions compared to La Nifia. This suggests that the El Nifio
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Table 3.1: Z scores used to test the difference in the proportion of AR days during
DJFMAM 1979-2019 between the conditions of various climate indices and neutral
conditions. *statistically significant at the 5% significance level **statistically significant
at the 1% level.

Conditions W HMA AR NW HMA AR E HMA AR All AR days
El Nifio vs. La Nifia 2.74%* 3.97%* 0.96 5.07**
El Nifio vs. Neutral 0.93 0.07 -0.78 0.03
La Nifia vs. Neutral -2.29% -4.46%* -1.89 -5.89%*
AO+ vs. AO- 2.45% 5.24%* -0.77 4,52%*
AO+ vs. Neutral 3.18** 3.28%* -2.91** 1.99%
AO- vs. Neutral 0.69 -2.02* -2.1% -2.54*
SH+ vs. Neutral -0.05 0.02 -2.02* -1.65
SH+ vs. SH- -1.98* -2.24* 0.05 -2.76%*
SH- vs. Neutral 1.79 2.11* -2.1% 0.91
MJO vs No MJO 1.35 -1.54 -0.7 -0.71

response in Central Asia favors an anticyclonic flow centered North of the Hindu Kush
for Western HMA ARs and over the Hindu Kush for Northwestern HMA ARs. This in-
creases transport of moisture to the high latitudes during Western and Northwestern
HMA ARs, increasing precipitation in the Karakoram and Hindu Kush during Western
HMA ARs and increasing precipitation in the Pamir region during Northwestern HMA
ARs. While the upper-level blocking during El Nifio is an important difference, the
increased IVT in the higher latitudes during El Nifio compared to La Nifia indicates
that the increased Northwestern HMA AR frequency seems influenced by atmospheric
conditions that favor the enhancement in water vapor transport to relatively higher
latitudes.

The positive (negative) phase of AO is characterized by negative (positive) 1000
hPa geopotential height anomalies in the Arctic and two zonal bands of positive (neg-
ative) 1000 hPa geopotential height anomalies in the midlatitudes, over the Pacific
and Atlantic Oceans (Thompson & Wallace, 1998). Positive AO conditions encourage

stronger upper-level westerlies, enhanced polar circulation, and the jet stream is typi-
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Figure 3.9: (a) Composite differences of IVT (shaded and vectors, kg m™ s1) for
Western HMA AR (Type 1) El Nifio and La Nifia conditions. Only differences in IVT
that are considered at or above the 95% confidence level are shaded. (b) Same as
(a) but for Northwestern HMA ARs (Type 2). (c) Same as (a) but for Eastern HMA
ARs (Type 3). (d) Composite differences of 250 hPa geopotential heights (shaded and
contours, m) and winds (vectors, m s!) between HMA AR days for Western HMA
AR (Type 1) El Nifio and La Nifia conditions based on ERA5 for 1979-2019. Only
differences in heights that are considered at or above the 95% confidence level are
shaded. (e) Same as (d) but for Northwestern HMA ARs (Type 2). (f) Same as (d) but
for Eastern HMA ARs (Type 3). (g) Composite differences of precipitation (shaded,
mm day!) and 500 hPa wind direction (vectors, m s'') for Western HMA ARs (Type
1) El Nifio and La Nifia conditions. (h) Same as (g) but for Northwestern HMA ARs
(Type 2). (i) Same as (g) but for Eastern HMA ARs (Type 3). The thick black contours
in all plots are showing the mean anomaly composite rainfall (mm day') for their
respective AR Type with intervals at 2 mm day!, 6 mm day!, and 10 mm day'.
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cally located further poleward. Cannon et al. (2015) showed that in HMA, positive AO
conditions are associated with a poleward shift of the eastern extent of the subtropical
jet, and an increase in magnitude in the jet to the west of the Karakoram. They in-
dicated a strong positive relationship between the positive phase of AO and increased
200 hPa zonal winds in the midlatitudes. These increased zonal winds modify the jet
position and increase WWD activity and precipitation over HMA (Cannon et al., 2015).
Increased precipitation in northwest India during the positive phase of AO has also
been noted by other studies (Thapa et al., 2018; Yadav et al., 2009). The negative
phase of AO is usually associated with a weaker polar vortex and weaker upper-level
westerlies that allows the jet stream to undulate more, increasing cold air advection
from the Arctic and has been attributed to increased storminess in the midlatitudes
(Cannon et al., 2015).

Z scores for differences in proportion of frequency of HMA ARs during AO+ and
AO- conditions compared to neutral conditions indicate that Western and Nortwestern
HMA ARs are significantly more frequent during positive AO conditions and less fre-
quent during negative AO conditions compared to neutral. This is consistent with Guan
and Waliser (2015), which found increased AR frequency over southwest Asia during
the positive phase of AO, where Western and Northwestern HMA ARs typically enhance
precipitation. Eastern HMA ARs are significantly less frequent during both AO+ and
AO- conditions. Difference composites of 250 hPa geopotential height and winds, IVT,
precipitation, and 500 hPa winds are shown in Fig. 3.10 for AO+ and AO-. All three AR
types show increases in water vapor content between 20-40 kg m* s along southwest
Asia that could be attributed to an anticyclonic anomaly over the Arabian Sea (Fig.
3.10a-f). This may increase the amount of precipitation in the Karakoram and western
Himalayas for Western and Eastern HMA ARs during AO+ conditions compared to AO-

(see Fig. 3.10g, i). However, the anomalous trough and associated cyclonic circula-
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tion near the Tien Shan region during Western ARs implies higher than average wind
speeds potentially increase precipitation in the Tien Shan during AO+ compared to AO-
conditions (see Fig. 3.10g). The location of the ridges and troughs during AO+ com-
pared to AO- and the lower difference in IVT suggests that dynamics (likely through
enhanced orographic lifting caused by strong winds) play a more important role than
thermodynamics (increase in water vapor content) in influencing AR frequency during

AO conditions.
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Figure 3.10: Same as Fig. 3.9, but for AO+ and AO- conditions.

The Siberian High is a high-pressure center located in the northeastern part of Eura-
sia that has been shown to strongly influence processes from surface temperatures to
the middle troposphere and thus the climate in middle to high Eurasia during winter
(Gong & Ho, 2002; Gong et al., 2001; Wu & Wang, 2002). Weakening of the SH en-

courages disturbances in the weaker subtropical jet, allowing for WWD to propagate

74



Winter and Spring ARs in HMA Chapter 3

toward HMA, increasing precipitation in Central Himalayas (Cannon et al., 2015; Co-
hen & Entekhabi, 1999; Wu & Wang, 2002). Rana et al. (2019) shows that ridging that
extends into central Asia and Europe during SH+ blocks eastward propagating west-
erly storm system, and restricts westerly flow to more southerly latitudes, resulting in
increased precipitation in the southern region of Central Southwest Asia. Gong and
Ho (2002) found that the SH explains 24% of the interannual variance in surface tem-
perature over Eurasia, while AO explains roughly 30% of the variance, and that there
are strong connections between AO and SH. They also found that 26% of precipitation
variance over Eurasia was explained by AO, SH, and a few other prominent Eurasian
climate modes, 9.8% of which SH contributed (Gong & Ho, 2002). They conclude that
after AO, the Siberian High is the second most important influence on temperature
and precipitation in Eurasia, making it important to understand the influence of SH on
HMA AR frequency.

Table 1 indicates that Western and Northwestern HMA ARs are significantly more
frequent during SH- compared to neutral. Figure 3.11a shows a significant decrease
in water vapor content along the western basin of the Arabian Sea that is associated
with enhanced ridging over Saudi Arabia during SH+ compared to SH negative during
Western and Northwestern HMA ARs (Fig. 3.11b, e). Additionally, there is an increase
in the magnitude of northwesterly winds around the Western Himalayas that would
potentially decrease precipitation in these regions in SH+ compared to SH- (see Fig.
3.11g). Eastern HMA ARs are more frequent during SH+ compared to neutral (see
Table 3.1), which is attributed to an anticyclonic anomaly in IVT over the Bay of Bengal
increasing precipitation in Eastern Himalayas during SH+ conditions (see Fig. 3.11c,
i).

The MJO, which is the primary mode of intraseasonal variability in the tropics (Mad-

den & Julian, 1971, 1972), has been shown to influence precipitation and circulation
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Figure 3.11: Same as Fig. 3.9, but for SH+ and SH- conditions.

regimes in HMA as well as ARs across the globe by forcing a Rossby wave response
due to changes in convection and diabatic heating (Barlow et al., 2005; Cannon et al.,
2017; Guan & Waliser, 2015; Guan et al., 2012; Ralph & Dettinger, 2011). Cannon et
al. (2017) found that the MJO modifies the circulation and moisture availability within
WWD, but no one phase favors extreme precipitation in High Mountain Asia. Guan and
Waliser (2015) found that AR frequency increased in southwest Asia during NDJFM for
MJO phases 1, 2, and 8 and only increased precipitation in HMA only during phase 8.
They also found that AR frequency in southern Asia decreased significantly during MJO
phases 4 and 5 with decreased precipitation in HMA during phase 5. According to z-
scores from differences in proportion of HMA ARs, Eastern and Northwestern HMA
ARs are less frequent when there is any active MJO phase compared to when there

is no active MJO phase and Western HMA ARs are more frequent during any active
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MJO phase, but no significant differences were found (see Table 3.1). Examining each
MJO phase as well as the differences in circulation and water vapor did not yield any
significant results. Although previous studies with distinct methodologies (Barlow et
al., 2005; Cannon et al., 2017) have suggested links between the MJO and extreme
precipitation in HMA, our results did not point to any strong connection in HMA AR
frequency and MJO phase. Understanding the complexities of the impact of MJO on
ARs is beyond the scope of this current analysis, and future work is needed to make

significant conclusions on MJO and HMA ARs.

3.5 Discussion and Conclusions

The objective of this research was to identify the climatology of ARs that influ-
ence HMA and investigate their linkages with large-scale circulation and precipitation
patterns in the winter and spring seasons. Using ERAS5 reanalysis and a global AR cata-
log, this study revealed the climatology of ARs that reach HMA, and their relationship
with precipitation regimes in southern Asia using combined EOF analysis with k-means
clustering. While there is on average little to no vapor flux in Southern Asia during the
winter and spring seasons, enhanced IVT during HMA ARs results in roughly 40-60% of
the total seasonal precipitation. Three AR subtypes penetrate far inland across South-
ern Asia, reach HMA during the winter and spring, and result in different precipitation
patterns.

The three AR types are delineated by the location of their above-average precipi-
tation. Western HMA ARs are associated with low geopotential heights directly north
of the Arabian Sea that results in enhanced IVT and increased precipitation in West-
ern Himalayas and the Karakoram. IVT composites for Western HMA ARs identify an

anticyclonic circulation center over the Arabian Sea that is responsible for transporting
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water vapor poleward. Northwestern HMA ARs are characterized by a tilted trough axis
and increased IVT that reaches as far as 40°N that increases precipitation in the Hindu
Kush and the Pamirs. IVT during Northwestern HMA ARs has an anticyclonic circula-
tion that covers most of the Arabian Sea and India. Eastern HMA ARs are associated
with southwesterly moisture flux across the Bay of Bengal that results in above-average
precipitation in Eastern Himalaya. Specifically, Eastern HMA ARs are associated with
upper-level cyclonic circulation over the Tibetan Plateau and source moisture from the
Arabian Sea and the Bay of Bengal regions related to anti-cyclonic circulation. North-
western HMA ARs transition into Western HMA ARs 24% of the time, and Western
HMA ARs transition into Eastern HMA ARs 18% of the time, indicating that while each
subtype has its own unique characteristics, they are not all completely independent.
Additionally roughly 15% of the time for any given AR type, there is a second AR
located in the Southern Asia region. For example, if there is a Northwestern or West-
ern HMA AR, there can also be an Eastern HMA AR 15% of the time, explaining the
precipitation signatures in Eastern and Western HMA for all three synoptic composites.

Between 1979 and 2017, all three AR types have a history of being associated with
extreme rainfall that can trigger flooding and/or landslide events that severely im-
pacted the region. For example, in April 2016, an extreme rainfall event associated
with a Northwestern HMA AR led to the occurrence of heavy flooding, lightning, and
landslides in Kohistan, Pakistan, which resulted in over 100 fatalities (Kirschbaum et
al., 2010). At least 56 landslides in the Global Landslide Catalog were associated with
all three types of ARs (Kirschbaum et al., 2010). However, more landslides and ex-
treme rainfall events may have been associated with HMA ARs, and a more thorough
fine-scale analysis is needed to understand the meteorological influence of ARs on these
extreme events.

This research further examined the relationship between HMA ARs and large-scale
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climate modes such as the ENSO, AO, and SH. The relationships between these modes
and HMA ARs are complex, but we find evidence that Western and Northwestern HMA
ARs are more frequent during El Nifio, AO+, and SH- conditions. We also described
the impacts of each climate mode on the broader circulation and water vapor patterns
in this region. Increased frequency in Western and Northwestern HMA ARs during El
Nifio and AO+ is attributed to the location of the wave train, identified by signatures
in the upper-level jet. During El Nifio compared to La Nifia, precipitation and IVT are
more likely to be higher than average for both Western and Northwestern HMA ARs.
During AO+ compared to AO-, precipitation is likely to increase in the Karakoram and
Pamirs, but decrease in Eastern Himalayas. During SH+ compared to SH-, precipita-
tion is likely to decrease in the Hindu Kush and Pamirs regions while increasing in the
Eastern Himalayan regions. During SH+, an upper-level ridge over Southwest Asia
can block eastward propagating westerlies, which can funnel upper-level winds to a
more equatorward track and encourages precipitation to the east of the Karakoram.
Relationships between climate modes further complicate these results and the under-
standing of their influence on circulation patterns. For example, during the winter and
spring months in the 40 years of the study, there were only 25 days where an El Nifio
occurred without the influence of a different climate mode (e.g. AO or SH). While it
is very clear that different climate modes influence the frequency of all three types of
ARs, future work should consider exploring the influence of ENSO, AO, and the SH on
HMA ARs.

This work quantified the contribution of HMA ARs to winter and spring precipita-
tion and illustrates the importance of ARs to the hydrological cycle in HMA by deter-
mining the regional climatology of ARs in HMA, as well as exploring the dynamical
processes that relate ARs to precipitation regimes in Southern Asia. In addition to

our findings regarding conditions of three different ARs and their interactions with
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the HMA, our research points to a broader consideration: the importance of studying
ARs in novel sites where ARs penetrate inland and can contribute greatly to the re-
gional hydroclimate. The characterization of the HMA AR subtypes can be applied to
future work to examine the mesoscale and thermodynamic characteristics of HMA ARs
and exploring the long-term changes in the large-scale dynamics related to ARs. This
can be used to uncover the relationship between ARs and local hazards such as land-
slides, floods, and other influences on HMA climate. Future modeling work to improve
forecasting skill for ARs in this region could benefit from knowing the synoptic charac-
teristics associated with each type of HMA AR and their potential impacts on regional
precipitation. Understanding the role of ARs in local hydrology and the large-scale dy-
namics driving the ARs inland is critical to minimize uncertainty regarding the future

of water resources in Southern Asia.
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3.6.3 Availability of data and material

The AR data were provided by Bin Guan via https://ucla.box.com/ARcatalog. De-
velopment of the AR detection algorithm and databases was supported by NASA. ERA5
data on single levels (Hersbach et al., 2018b) and pressure levels (Hersbach et al.,
2018a) were downloaded from the Copernicus Climate Change Service (C3S) Climate
Data Store. The results contain modified Copernicus Climate Change Service infor-
mation 2020. Neither the European Commission nor ECMWF is responsible for any
use that may be made of the Copernicus information or data it contains. MERRA2 data
(Gelaro et al., 2017; Global Modeling and Assimilation Office (GMAO), 2015), IMERG-
PM v06 data (Huffman et al., 2019), APRHODITE data (Maeda et al., 2020; Yatagai et
al., 2012) and NOAA topography data (Amante & Eakins, 2009) are all freely available
online. The ENSO and AO indices were calculated by the National Weather Service
Climate Prediction Center and can be found at https://cpc.ncep.noaa.gov/ENSO and
https://www.cpc.ncep.noaa.gov/AO. The SH index was calculated using ERA5 mean
sea level pressure data and the methods outlined in Panagiotopoulos et al. (2005).
The MJO-RMM index can be found at http://www.bom.gov.au (Wheeler & Hendon,
2004). The MJO index referenced in Jones (2009) was provided by Charles Jones.
The Westerly Disturbance Catalog from Hunt et al. (2018) can be found in the CEDA
archive (Turner & Hunt, 2019). The Global Landslide Catalog is from Kirschbaum et al.
(2010), Kirschbaum et al. (2015).

3.6.4 Code availability

The code for this analysis can be found at https://github.com/dIlnash/AR _types.
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Chapter 4

Influence of zero degree line on
Atmospheric Rivers in High Mountain
Asia: WREF case studies of orographic

precipitation extremes

D.L. NAsH, L.M.V. CARVALHO, C. JONES, & Q. DING

Abstract

Atmospheric Rivers (ARs) reach High Mountain Asia (HMA) roughly 10 days per
month during the winter and spring, resulting in roughly 20 mm day of precipitation.
However, there are a few events each season that result in over 100 mm of precipita-
tion, providing the vast majority of total winter precipitation, indicating that an indi-
vidual AR event may significantly change water availability within the region in which

it occurs. Furthermore, dynamical changes, such as the warming anticyclonic trend in
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Central Himalaya, have influenced the frequency of ARs and their freezing level height
when they reach HMA, impacting the resulting rain to snow ratio and ultimately water
resources. To understand the mesoscale processes associated with the orographic pre-
cipitation during these extreme events, we compare two Northwestern-transitioned-to-
Western HMA ARs associated with extreme precipitation during a below-average and
above-average freezing level height. We use dynamically downscaled data from the
Weather Research and Forecasting model at 20 km and 6.7 km spatial resolution to
investigate the atmospheric flow interactions of ARs with the complex terrain of HMA.
We show that there is less frozen precipitation during the AR with an above-average
height of the 0°C isotherm, or zero degree line. Additionally, the axis of the AR rela-
tive to the complex topography is a better indicator of the resulting precipitation than
the IVT magnitude in the AR. This study indicates the importance of exploring dynam-
ical changes in HMA via ARs and the contribution of ARs and the freezing level to
orographic precipitation, providing information for future work to improve forecasting

skill in a region vulnerable to the impacts of climate change.

4.1 Introduction

In High Mountain Asia (HMA), precipitation and the resulting glacial melt in the
spring and summer months simultaneously provide water resources for hundreds of
millions of people, while also presenting risks for many extreme weather conditions
(Hewitt, 2005; Kaab et al., 2012). Recent work has shown that Atmospheric Rivers
(ARs), long conduits of strong moisture transport, are a significant contributor to total
seasonal precipitation during winter and spring in HMA (Nash et al., 2021). ARs occur
in a variety of locations across the globe and are associated with extreme precipitation,

flooding, lightning, debris flows and anomalous snow accumulation (Cannon et al.,
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2018; Nash & Carvalho, 2020; Oakley et al., 2018; Zhu & Newell, 1994, among others).
In HMA, ARs contribute to extreme precipitation and are associated with flood events
in the Nepal and Bay of Bengal areas (Thapa et al., 2018; Yang et al., 2018). Nash
et al. (2021) found that there are three distinct types of ARs that reach HMA and result
in above-average precipitation in Western, Northwestern, and Eastern HMA. There are
typically between 9 and 11 HMA ARs per month in the winter and spring, contributing
between 40-60% of total seasonal precipitation. However, a single strong AR event can
provide up to a quarter of that precipitation, impacting water availability and rainfall-
related risks. Scarce observational data and the course resolution of reanalysis (i.e.,
27 km or greater) poses limitations to investigating mechanisms associated with ARs
interactions with HMA.

The main objective of this study is to use Advanced Weather Research and Forecast-
ing (ARW-WREF, hereafter WRF) simulations to investigate the mesoscale characteristics
of two ARs that reached HMA that resulted in extreme precipitation (above 85th per-
centile) in western HMA during winter months. We focus on characteristics that are
important to the extreme precipitation, such as water vapor flux and other thermody-
namic characteristics of the core of the AR, the direction of the AR relative to HMA
topography, the height of the freezing level, and the orographic mechanisms related to
the precipitation in the foothills of HMA. We explore the thermodynamic and kinemat-
ics of atmospheric rivers as it relates to orographic precipitation in order to improve
the understanding of how ARs transport large plumes of water vapor long distances
without precipitating — particularly as HMA ARs that reach Northwestern and West-
ern HMA can spend a significant portion of their life cycle over Southwest Asia. To
facilitate this, we contrast two HMA ARs that both resulted in extreme precipitation,
contributing significantly to the total seasonal precipitation, but had differing freez-

ing level heights and outcomes with regard to precipitation-related hazards such as
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lightning and landslides.

The organization of this paper is as follows: Section 4.2 describes the data used for
this analysis and outlines WRF model set up. Section 4.3.2 describes thermodynamic
trends during HMA AR events using 36 years of dynamically downscaled reanalyses
over HMA. We evaluate changes in the freezing level and moisture, focusing on areas
where HMA ARs typically result in above-average precipitation during the winter. Sec-
tion 4.3.4 focuses on two extreme AR events that had similar overall characteristics,
but had different freezing levels and precipitation amounts. Using the WRF model, we
examine the mesoscale characteristics of two ARs associated with extreme precipitation
(greater than 85th percentile) in Sections 4.3.5 and 4.3.6, emphasizing the differences
between an AR event during a phase of below-average freezing level and an AR event
during a phase of above-average freezing level. We compare the moisture and stability
profiles along the core of the ARs and examine cross-sections of precipitation (both rain

and snow). We summarize our results in Section 3.5.

4.2 Data and Methods

4.2.1 AR Detection: tARget v3

To detect ARs, we used the Tracking Atmospheric Rivers Globally as Elongated Tar-
gets (tARget) algorithm, version 3 which was applied to ERA-Interim data on a global, 6
hourly basis from 1979 to 2019 (Guan & Waliser, 2019). This AR detection algorithm is
useful for the HMA region as it detects ARs via relative IVT intensity thresholds, which
is particularly useful during the winter in HMA, as there is, on average, little to no
moisture (Nash et al., 2021). Additionally, it has been used in multiple studies, includ-

ing Nash et al. (2021) where combined Empirical Orthogonal Function and k-means
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cluster analysis was applied to days an AR passed the 1000 m elevation threshold in
HMA. Nash et al. (2021) determined that there are three main types of ARs that reach
HMA in winter and spring months. We use the resulting classification of AR types in

this study to focus on precipitation from Northwestern and Western HMA AR Types.

4.2.2 Model setup

This study uses 36 years of Climate Forecast System Reanalysis (see Saha et al.,
2010) dynamically downscaled over HMA to 20 km and 6.7 km spatial resolution and
3-hourly temporal resolution using WRF model version 3.7.1 described in Norris et al.
(2018). This data set extends from April 1979 to March 2015, and each year was
run continuously from the beginning of March through the end of March the following
year (e.g., from 1 March 1979 00 UTC to 1 April 1980 00 UTC) to capture the full
winter and summer seasons. The first month of every year was discarded due to model
spin-up, retaining 12 months per year of simulation. The simulations were performed
with two domains with one-way interaction (i.e., no feedback and the inner domain
did not affect the outer domain) of 20 km and 6.7 km (3:1 ratio), mapped with a
Mercator projection (see Fig. 5.1 for a map of the domains). There were 50 vertical
levels in the simulations from the surface to 50 hPa. Spectral nudging of zonal wave
numbers 1-5 and meridional wave numbers 1-4 was applied to all vertical levels in the
outer domain for temperature, winds, and geopotential height (Stauffer & Seaman,
1990; Stauffer et al., 1991). The physics options for the WRF simulations included
the Thompson microphysics scheme (Thompson et al., 2008), fifth-generation Penn-
sylvania State University—National Center for Atmospheric Research Mesoscale Model
(MMS5) surface layer scheme (Monin & Obukhov, 1954), the Noah-MP (multi-physics)

land surface model (Niu et al., 2011), the Rapid Radiative Transfer Model for GCMs
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(RRTMG) scheme for longwave and shortwave radiation (Iacono et al., 2008), the
Yonsei University boundary layer turbulence transfer scheme (Hong et al., 2006), and
Kain-Fritch cumulus and shallow convection scheme on the outer domain only (Kain,
2004). For more information on the WRF model configuration for the 6.7 km output,
please see Norris et al. (2017) and Norris et al. (2018).

We use the 20 km and 6.7 km WRF simulations to examine the trends of the height
of the zero degree line (or 0°C isotherm) and integrated vapor transport (IVT) dur-
ing Northwestern, Western, and Eastern HMA ARs during the winter months between
1979 and 2015. To calculate the height of the freezing level, we interpolated the height
above ground level (m) to 0°C. IVT, a variable widely used in the detection and charac-
terization of ARs (Guan & Waliser, 2015; Nash et al., 2021), was calculated by taking
the 3-hourly model output, interpolating u and v wind components (m s), and water
vapor mixing ratio (kg kg!) to 20 pressure levels (1000, 975, 950, 925, 900, 875, 850,
825, 800, 775, 750, 700, 650, 600, 550, 500, 450, 400, 300, and 250 hPa). Then, us-
ing water vapor mixing ratio, we computed specific humidity (q) and then integrated
u and v wind components with q at all pressure levels (see Appendix C.1 for equa-
tions). Additionally, we examined the mesoscale characteristics of two Western HMA
ARs that resulted in extreme precipitation using the WRF output. For precipitation re-
lated variables (e.g., rain, snow, precipitation), model output from every three hours
at 00 UTC, 03 UTC, 06 UTC, 09 UTC, 12 UTC, 15 UTC, and 21 UTC provided the ac-
cumulation from the initialization date of each year. This was then used to compute
the mean values of precipitation for time step t by subtracting precipitation at time (t),
from precipitation at time (t+1). For variables such as meridional and zonal wind and
geopotential heights, the model data was interpolated to the given pressure level. A
variety of variables (equivalent potential temperature, specific humidity, u, v, and w

wind components) were used in vertical cross-section analysis, where we interpolated
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the data to height above ground level along the identified cross-section.

4.2.3 Observations and gridded estimates

The European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric
reanalysis of the global climate (ERA5) is used here at a 6-hourly and 0.5° resolutions
to explore 250 hPa geopotential heights and IVT for the AR events at the synoptic scale
because the outer domain of the WRF model output did not cover the spatial extent of
the AR cases (Hersbach et al., 2018a, 2018b; Hersbach et al., 2020).

A daily time series of lightning flash rates from Tropical Rainfall Measuring Mis-
sion Lightning Imaging Sensor and Optical Transient Detector (TRMM LIS-OTD) (Ce-
cil, 2015) is used at a horizontal resolution of 2.5° by 2.5° between 1995 and 2014
from 0-50°N and 20-110°E. It is important to keep in mind that this data is a smoothed
estimate, as a 7.5° by 7.5° boxcar moving average, 111-day boxcar moving average,
and 110-day digital filter were all applied. However, it does give a rough estimate of
the lightning conditions during the identified AR events.

The landslide catalog created by Kirschbaum et al. (2010) identifies global land-
slides that were associated with extreme precipitation. We examine landslides that
occurred within 20-45°N and 65-100°E, and consider a landslide associated with an AR

if the AR reached HMA within 500 km of the landslide location on the same day.

4.3 Results

4.3.1 Evaluation of WRF Climatology relative to HMA ARs

Using the 36 years of dynamically downscaled WRF output in HMA from (Norris et

al., 2018), we evaluated the ability of these simulations to capture the broad, synoptic
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Figure 4.1: (a) WRF model outer domain (D01) for downscaling to 20 km grid spac-
ing resolution. The red meridional lines indicate the location of the vertical cross-sec-
tions in Figs. 4.13 and 4.14, the red zonal lines indicate the location of the hovmoller
diagrams (i.e., elevation by time diagrams) in Fig. 4.15 and 4.16, the black triangles
indicate the location of the time x height diagrams in Fig. 4.17. The red box indicates
the extent of the inner domain. (b) WRF model inner domain (D02) for downscaling
to 6.7 km grid spacing resolution. The red boxes indicate the location of above aver-
age precipitation during the Northwestern, Western, and Eastern HMA AR Types and
are used as subregions for analysis.
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characteristics of the three HMA AR types identified in Nash et al. (2021) relative to
ERA5. The WRF 20 km outer domain is much smaller than the extent of most HMA ARs.
However, when compared to the synoptic composites using ERAS5, the broad spatial
patterns for precipitation, IVT, and 250 hPa geopotential heights are relatively similar.
For all three HMA AR types, IVT is underestimated by about 75 kg m™ s in Central
and Eastern HMA (Fig 4.2a-c). Upper level geopotential heights are overestimated
by WRF north of HMA, and underestimated south of HMA, but bias values are less
than 20 dekameters (Fig 4.2d-f). For Western HMA ARs, WRF 6.7 km precipitation
has a positive bias of about 12 mm day! relative to ERA5 in Western Himalayas, the
Karakoram, and parts of the Tien Shan (Fig 4.2h). However, for all three HMA AR
types, WRF 6.7 km underestimated precipitation near the Eastern Himalayas by about
5 mm day! (Fig 4.2h-j). Overall, the WRF data is able to capture the broad synoptic
patterns of the three HMA AR Types defined in Nash et al. (2021) and is sufficient for

further analysis of HMA AR trends and mesoscale patterns.

4.3.2 Trend Analysis

During the winter, Norris et al. (2018) demonstrate that eastern HMA has experi-
enced significant warming of the lower troposphere, while western HMA had no sta-
tistically significant trend. Associated with this warming trend is the weakening of the
ridge over northwest HMA and a weakening of the trough over eastern HMA, increasing
the frequency of extratropical cyclones in western HMA and decreasing their frequency
in central Himalaya (Norris et al., 2018). In eastern HMA, Norris et al. (2018) show
that there is a decreasing trend in 300 hPa cloud ice and snow in eastern and central
HMA, in the same region of the warming trend. Western HMA displayed positive trends

and higher magnitudes of cloud ice and liquid cloud, indicating the higher frequency of
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Figure 4.2: .(a) IVT bias from 20 km WRF model - 27 km ERA5 (shaded, kg m™, s'1)
for Western HMA ARs during DJF between 1 December 1979 and 28 February 2015.
The model is regridded to match the reanalysis. (b) Same as (a) but for Northwestern
HMA ARs. (c) Same as (a) but for Eastern HMA ARs. (d) Geopotential heights at 250
hPa bias for 20 km WRF model - 27 km ERA5 (shaded, dekameters) for Western HMA
AR days during DJF between 1979 and 2015. (e) Same as (d) but for Northwestern
HMA ARs. (f) Same as (d) but for Eastern HMA ARs. (g) Precipitation bias from 6.7
km WRF model - 27 km ERA5 (shaded, mm day!) for Western HMA AR days during
DJF between 1979 and 2015. (h) Same as (g) but for Northwestern HMA ARs. (i)
Same as (g) but for Eastern HMA ARs.
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extratropical cyclones (Norris et al., 2018). Of the three types of HMA ARs, Northwest-
ern and Western HMA ARs are primarily associated with extratropical cyclones, where
the warm, moist air from the AR is advected in the area ahead of the cold front (Nash
et al., 2021). Northwestern HMA ARs are associated with above-average precipitation
in northwest HMA, primarily in the Tien Shan and Pamirs mountain ranges. Western
HMA ARs are associated with above average precipitation in the Karakoram and Hindu
Kush regions. Eastern HMA ARs bring moisture in from the Bay of Bengal and result
in above-average precipitation in Eastern HMA. Espinoza et al. (2018) demonstrated
that under the RCP 8.5 warming scenario, the frequency of HMA ARs is expected to
increase by 6-8% while the intensity of IVT is expected to remain the same between
2073-2096. Kirschbaum et al. (2020) show that increases in extreme precipitation in
HMA has the potential to increase landslides by 10-30% more in the years 2061-2100
across HMA, and even up to 70% more landslides in Central Himalaya. It is clear that
ARs are associated with precipitation in HMA and increases in ARs could potentially
increase precipitation and precipitation related hazards; therefore, it is important to
understand the recent changes in AR properties to determine their influence on local
warming and precipitation trends.

To characterize recent changes in HMA ARs, we examine seasonal trends in AR fre-
quency, IVT, and the height of the zero degree isotherm using the dynamically down-
scaled WRF data. The nonparametric Mann-Kendall test is used to identify and plot
significant trends for the months of December, January, and February (DJF) between
1979 and 2015 over HMA. When simply considering the number of ARs broken down
by HMA AR type per year, we found no significant trends. However, when we looked
at changes in AR frequency (based on the Guan and Walsier algorithm) in each winter
month, we found contrasting trends. For example, during December, AR frequency

is significantly decreasing over southwest Asia by about 1 day per year (Fig. 4.3a).
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Meanwhile, in January and February, ARs have been increasing in frequency by about
0.25 days per year (Fig. 4.3b, c¢). Over Eastern and Central HMA, ARs have been sig-
nificantly increasing in February by 0.25 to 0.5 days per year (Fig. 4.3b, c). Figure
4.4 shows changes in the moisture, or IVT using only days considered to have a HMA
AR in DJF (see Nash et al. (2021) for more details on identifying HMA AR days). Dur-
ing Western HMA ARs, there has been a significant increase in IVT in western HMA of
about 0.3 kg m! st yr! (see Fig. 4.4a). Figs. 4.4a and b show that Eastern HMA has
been experiencing a significant decrease in IVT (-0.2 kg m* s! yr!) during Western
and Northwestern HMA ARs.

The height of the freezing level influences the fraction of frozen precipitation, as
well as frequency of lightning flashes (Guan et al., 2016; Nash & Carvalho, 2020;
Pawar et al., 2015). Latitude and elevation influence the height of the 0°C isotherm
— for example, in DJF, between 1 and 3 km in HMA, the average height of the 0°C
isotherm is between 2.5 and 3.5 km, while elevations higher than 3 km have an av-
erage 0°C isotherm of 4 km or greater. Between 25°N and 30°N, the average height
of the 0°C isotherm is between 3 and 3.5 km, whereas poleward of 30°N, the average
height is below 3 km. However, an upper-level cut-off low associated with high ampli-
tude troughs can decrease the freezing height for the duration of a storm, potentially
increasing the fraction of frozen precipitation relative to the total precipitation. On the
other hand, because the moisture of ARs can be located relatively high up in the tropo-
sphere, they may increase the altitude of the freezing level, resulting in more rain and
less snow falling at higher altitudes (Guan et al., 2016; Neiman et al., 2008; Neiman
et al., 2011). The height of the freezing level has significantly increased across most of
India during DJF between 1979 and 2015 (Fig. 4.5). The spatial extent of the increase
of the height in the freezing level varies by AR type. For example, during Western HMA

ARs (Fig. 4.5a), the height of the zero degree isotherm has increased across much of
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Figure 4.3: (a) AR frequency trends (shaded, number of AR days per year) over Asia
during the month of December from 1979 to 2019. Stippling indicates trends that are
considered statistically significant at the 5% significance level. (b) Same as (a) but for

January. (c¢) Same as (a) but for February.
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(a) Western HMA ARs
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Figure 4.4: (a) Winter (DJF) seasonal trends in integrated vapor transport (IVT,
kg m! s!) per year for Western HMA AR days based on 20 km WRF output for
1979-2015. IVT vectors indicate trends that are considered statistically significant
at the 5% significance level. The black contour is the location of 1-km elevation. (b)

Same as (a) but for Northwestern HMA ARs. (¢) Same as (a) but for Eastern HMA
ARs.
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Central and Eastern HMA, while during Northwestern HMA ARs (Fig. 4.5b), the height
of the zero degree isotherm has increased across most of India and southern Pakistan.
During Eastern HMA ARs (Fig. 4.5c), increases in the height of the freezing level are
confined to Eastern HMA. Overall in DJF, the height of the 0°C isotherm has signifi-
cantly increased in Eastern and Central HMA and during all three AR types between
1979 and 2015.

To investigate the influence of the increases in moisture content and height of the
0°C isotherm on precipitation during HMA AR days between 1979 and 2015, we com-
pare the fraction of frozen precipitation in HMA during above-average freezing level
conditions and below-average freezing level conditions. We classified each HMA AR
day as a below-average freezing level height, neutral freezing level height, or above-
average freezing level height based on the average conditions within its respective
subregion (see Fig. 4.1b for subregion extents). To classify AR days according to the
height of the freezing level, we followed two steps. First, we identify the area with
above-average precipitation during each HMA AR type (e.g., Western, Northwestern,
and Eastern). Second, we calculate the daily average freezing level height for that
region, separately for each AR type. For example, on 13 January 1981, there was a
Western HMA AR and within the area where above-average precipitation usually oc-
curs during Western HMA ARs (71-79°E and 32-37°N), the average height of the freez-
ing level anomaly was greater than 1.5 times the standard deviation. Therefore, we
classified that HMA AR as an event with above-average freezing level height. This was
repeated for all HMA AR days between 1979 and 2015. Composites of the difference
in the fraction of frozen precipitation between above and below-average freezing level
heights, for each AR type, are shown in Fig. 4.6. During HMA AR days with below-
average freezing level conditions, there is a significantly higher fraction of frozen pre-

cipitation compared to HMA AR days with above-average freezing level conditions (Fig.
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Figure 4.5: (a) Winter (DJF) seasonal trends in the height of the 0°C isotherm
(shaded, m) per year for Western HMA AR days based on 20 km WRF output for
1979-2015. Data are only plotted where trends are considered statistically significant
at the 5% significance level. The black contour is the location of 1-km elevation. (b)
Same as (a) but for Northwestern HMA ARs. (¢) Same as (a) but for Eastern HMA
ARs.
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4.6). Interestingly, the increased fraction of frozen precipitation extends beyond the re-
gion of above-average precipitation that we typically see during each type of HMA AR.
This indicates the broader influence of ARs to precipitation across HMA. For example,
during Western HMA AR days, we see there is 50% more frozen precipitation during
below-average freezing level conditions across Western and Central HMA compared to
above-average freezing level conditions (Fig. 4.6a). These results indicate the impor-
tance of the height of the 0°C isotherm during HMA ARs, and its relative impact on
associated precipitation. To determine the local effect of the height of the 0°C isotherm
on orographic precipitation during HMA ARs, we compare and contrast mesoscale con-
ditions during a below-average freezing level AR and an above-average freezing level

AR.

4.3.3 Case Study Selection

Figure 4.7 shows, for all HMA ARs between 1979 and 2019, the maximum total
precipitation in different subregions and the average IVT within the AR for the dura-
tion of each event, based on ERA5. The colors indicate the duration (in hours) of each
AR event. Based on the location of above-average precipitation during each HMA AR
Type, we chose the subregions to evaluate here (see Nash et al. (2021)) and included
Northwestern HMA (66-74°E and 37-40°N), Western HMA (71-79°E and 32-37°N),
Eastern Himalaya (90-100°E and 24-30°N) (see Fig. 4.1 for subregion extents). We
evaluated multiple precipitation metrics, including 85th percentile and area-average
precipitation, while excluding grid cells from each area that had less than 20 mm of
precipitation per event to focus on the regions that are receiving higher than average
precipitation. Unsurprisingly, the precipitation maximum gave the clearest picture of

how IVT influences precipitation during HMA ARs and is what is shown in Fig. 4.7.

110



Influence of zero degree line on ARs in HMA

Chapter 4

(a) Western HMA AR

=, T — S
7 <
" <> >Ry
\
et CSUIRY
L
b AYAl A
(b) Northwestern HMA AR
—v =
e A0 S0
-
L
b AYAl ‘A
(c) Eastern HMA AR
-v s
R n J
.:»._'
S
o
L
A=
3N 0 /A
71°E 81°E 91°E
-0.6 —-04 0.2 0.0 0.2 0.4 0.6

Fraction of Frozen Precipitation (-)

37°N

27°N

37°N

32°N

27°N

37°N

32°N

27°N

Figure 4.6: (a) Composite differences of fraction of frozen precipitation (shaded,
-) for Western HMA ARs below-average freezing level conditions and above-average
freezing level conditions within the red box. Only differences in the fraction of frozen
precipitation that are considered at or above the 95% confidence level are shaded. (b)
Same as (a) but for Northwestern HMA ARs. (¢) Same as (a) but for Eastern HMA

ARs.
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Only precipitation in Eastern Himalayas during Eastern HMA shows a linear relation-
ship (e.g., precipitation increases as IVT increases) (Fig. 4.7c). This is attributed to the
fact that Eastern ARs spend a larger proportion of their life cycle over a body of water,
which in this case is the Bay of Bengal. This follows what we know to be true about ARs
that make landfall on the west coast of the US or Europe — that IVT is a good indicator
of precipitation (i.e., the higher the IVT, the more likely it is that precipitation will be
higher). This aligns well with the AR Category scale defined in Ralph et al. (2019),
which assigns a category to an AR based on the duration of the IVT being above a cer-
tain threshold, the magnitude of the IVT, and the duration of the AR. For example, a
category 5 AR that is considered “extreme” and defined as “primarily hazardous” would
have a maximum IVT magnitude above 1000 kg m! s* and would sustain above 250

kg m! s! for 48 hours or longer.
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Figure 4.7: (a) Scatter plot showing ERA-Interim average IVT (kg m' s!) within
the AR object for the duration of the AR event compared to the ERA5 maximum-total
precipitation (mm event!) in the region that accumulates above-average precipitation
for Western HMA ARs (see Fig. 4.1b for subregion locations). The duration (hours)
of the AR event is indicated by the shading. The circles with yellow highlight indicate
the case studies chosen in Section 4.3.4. (b) Same as (a) but for Northwestern HMA
ARs. (c) Same as (a) but for Eastern HMA ARs.

The assumption that higher IVT magnitude leads to higher precipitation does not
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appear to hold for Northwestern and Western HMA ARs (Fig. 4.7a, b). There are very
few events that have above 85th percentile IVT and above 85th percentile precipitation.
Rather, there are quite a few events that are just below the 85th percentile threshold
for IVT that have a wide range of precipitation values, suggesting that there is a pref-
erential IVT value for Western and Northwestern HMA ARs when it comes to extreme
precipitation. Most ARs that reach western and northwestern HMA during DJF have
an average IVT of about 220 kg m™ s™'. In considering the duration of AR compared to
maximum precipitation, we see that the longer duration ARs result in higher precipita-
tion totals, however the relationship is not statistically significant, which suggests that
characteristics such as AR direction relative to the topography hold more importance
in this region during the dry winter season compared to the amount and duration of
IVT. This is really important when considering predictability of events. Most current
long-term prediction work for precipitation in the United States emphasizes the impor-
tance of ARs as a predicting tool, relying on the assumption that higher magnitude IVT
and longer sustained IVT will mean more precipitation for the West Coast (DeFlorio
et al., 2019). It is possible that future work regarding the prediction of ARs on multiple
time scales will need to focus on different characteristics of the ARs as predictors for
precipitation, such as their axis relative to topography. This indicates the importance
of determining the mesoscale characteristics of HMA ARs that are associated with pre-
cipitation extremes.

Using the 85th percentile as the guide for AR events that resulted in extreme pre-
cipitation and freezing level height classification, we chose two AR cases to determine
the synoptic and mesoscale characteristics that resulted in extreme precipitation. Both
cases began as a Northwestern HMA AR and transitioned to a Western HMA AR. The
first AR case occurred from 10 January 2002 12 UTC to 13 January 2002 12 UTC

(duration of 72 hours). During the January 2002 AR, locations across Western HMA
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received up to 100 mm of precipitation, but there were no reported landslides or dam-
ages (Fig. 4.8a). The second AR case occurred from 4 February 2010 00 UTC to 8
February 2010 18 UTC, and had a below-average freezing level height in both North-
western and Western HMA. Figure 4.8c shows the 90-hour AR event resulted in around
200 mm of precipitation in western HMA, reaching 450 mm in some locations. Three
precipitation-related landslides occurred between 6-8 February and appear to be asso-
ciated with this AR (locations identified as yellow squares in Fig. 4.8c). There were
many devastating impacts from these landslides, including at least sixteen deaths, de-
struction of many houses and buildings, and isolation of many communities due to
highway closures and damage (Kirschbaum et al., 2010). The February 2010 AR event
occurred during El Nifio conditions, while the January 2002 AR occurred during neu-
tral conditions; however, we do not believe the difference in ENSO conditions between
these two events significantly impacted the overall results of this analysis. Nash et al.
(2021) found that while there was a significant increase in the frequency of Northwest-
ern and Western HMA ARs during El Nifio conditions compared to La Nifia conditions,
there was no significant difference in IVT for El Nifio conditions compared to neutral
conditions. Figure 4.8f shows the difference in the fraction of frozen precipitation be-
tween the two AR events and indicates that there was more frozen precipitation during
the February 2010 AR with the lower freezing level compared to the January 2002 AR
with a higher freezing level. To assess the variation between individual AR events, we
repeated the following analysis for most Northwestern and Western HMA AR cases with
above 85th percentile precipitation (not shown) and support similar conclusions based
on the two AR cases described here. Therefore, the remainder of this paper focuses on
the synoptic and mesoscale conditions for the January 2002 and February 2010 cases

to determine the underlying mechanisms that contributed to these differing outcomes.
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Figure 4.8: WRF 6.7 km precipitation (shaded, mm event!) for the duration of the (a)
January 2002 AR and (c) February 2010 AR. The black contour is the location of 1-km
elevation, and the yellow diamonds indicate the location of a precipitation-triggered
landslide during the AR event. The average fraction of frozen precipitation (shaded,
-) for the (c¢) January 2002 AR and (d) February 2010 AR. (e) The difference in
precipitation (shaded, mm event!) between the February 2010 AR and the January
2002 AR. (f) The difference in the fraction of frozen precipitation (shaded, -) between
the February 2010 AR and the January 2002 AR.
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4.3.4 Synoptic Characteristics of the HMA AR Case Studies

Figures 4.9 and 4.11 show the ERAS5 IVT (kg m s!) and 250 hPa geopotential
heights (dekameters) and Figures 4.10 and 4.12 show the WRF precipitation (mm
hour!) and IVT (contours every 250 kg m'! s'1) every 6 hours for the duration of the AR
event + 1 day to capture the onset and end of the events. ERA5 is used to describe the
underlying synoptic conditions of the AR events (e.g., 250 hPa geopotential heights and
IVT), as the outer domain of the WRF simulation does not cover the large spatial extent
of the ARs. When compared to the WRF output, ERA5 IVT and 250 hPa geopotential
heights were consistent. Because both of these AR events were quasi-stationary, 6-

hourly results were sufficient to capture the large scale dynamics.

January 2002 Event

On 10 January 2002 00 UTC (Fig. 4.9a), a cyclone associated with an upper-level
trough centered at 35°E and 35°N propelled moisture in the area ahead of the cold
front that appears to be sourced from the Red Sea and Persian Gulf. At the onset of
the January 2002 AR event, there was no anticyclone over the Arabian Sea, unlike the
February 2010 case. By 12 UTC on 10 January (Fig. 4.9¢), an anticyclone did form over
the very northern basin of the Arabian Sea, adding to the moisture of the AR all the
way through 13 January 00 UTC (Fig. 4.9m). The IVT of this AR reached above 500 kg
m! s, but was contained to a small core within the AR. The anticyclone centered at
60°E and 30°N aided in the moisture of the AR reaching Northwestern HMA at latitudes
greater than 40°N on 12 January (Figs. 4.9i-1). For most of 12 January, the moisture
from the AR across western HMA is northwesterly, resulting in less than 2 mm per hour
of precipitation. Starting on 13 January 00 UTC (Fig. 4.9m), the upper level trough

disappears, turning the orientation of the IVT to have more zonal flow. Most of the
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precipitation for this event occurs in western HMA between 13 January 00 UTC and
14 January 06 UTC, when the head of the AR transitions from westerly to southerly,
forcing some moisture directly perpendicular to the topography of western HMA (Fig.
4.10m-r). For the most part, the flow of this AR is zonal, resulting in less precipitation

than during the February 2010 event.
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Figure 4.9: (a) ERA5 IVT (shaded and vectors, kg m™ s'1) and 250 hPa geopotential
heights (contours, m) at 10 January 2002 00 UTC. The black contour is the location
of 1-km elevation. (b-t) Same as (a) but for every 6 hours between 10 January 06
UTC to 14 January 18 UTC.
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Figure 4.10: (a) WRF 6.7 km precipitation (shaded, mm 3-hr!) and IVT (dashed
contour, kg m! s1) at 10 January 2002 00 UTC. The black contour is the location of
1-km elevation. (b-t) Same as (a) but for every 6 hours between 10 January 06 UTC
to 14 January 18 UTC.
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February 2010 Event

On 4 February 2010 00 UTC (Fig. 4.11a), an upper level closed low centered at
about 35°E and 40°N with characteristics typical of a midlatitude weather system or a
winter westerly disturbance aided in the formation of an AR in the area ahead of the
cold front. The moisture in this AR was likely sourced from the Red Sea, Persian Gulf,
and anticyclonic flow over the Arabian Sea. By 5 February 2010 00 UTC (Fig. 4.11e),
the AR had formed into the more long, thin, filamentary feature that is typically associ-
ated with ARs. The moisture in the core of the AR had intensified from 250 kg m™* s! to
about 500 kg m™! s and had reached the Hindu Kush, Pamirs, and Tien Shan mountain
ranges. The onset of precipitation starts when the moisture from the AR reaches these
high elevation regions during 5 February (Fig. 4.12g-h). Between 5-6 February (Figs.
4.11e-1), the upper level trough northwest of the Hindu Kush weakened while the ridge
over the Arabian Sea remained in place, aiding in funneling the moisture from the AR
into northwest HMA, western HMA, and Central Himalayas, decreasing the IVT within
the AR to less than 375 kg m™! s! and reducing the precipitation across western HMA.
By 7 February 2010 00 UTC (Fig. 4.11m), the anticyclone over the Arabian Sea had
shifted eastward to sit directly over India for the next few days, encouraging additional
moisture from the Bay of Bengal to be anticyclonically circulated around India and back
up into the AR, increasing the moisture content within the AR back up to above 500 kg
m! s and increasing the precipitation rate across the Hindu Kush and Western HMA
to above 7 mm per hour (Fig. 4.12m). A new anticyclonic circulation that appeared
centered at 50°E and 10°N on 8 February (Fig. 4.11q-t) provided additional moisture
for the AR from the Arabian Sea, but the relatively stationary midlatitude conditions
(i.e., trough centered at 60°E and ridge centered at 80°E) were more important to pull

the moisture all the way to HMA for such an extended period of time. The precipitation
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in Western HMA was at it’s most intense during 8 February, when the orientation of the
AR was perpendicular to the topography. By 9 February 6 UTC, the upper level trough
and ridge shifted eastward and weakened so that the AR began to quickly dissipate

(Fig. 4.11v).
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Figure 4.11: (a) ERAS5 IVT (shaded and vectors, kg m! s'1) and 250 hPa geopotential
heights (contours, m) at 4 February 2010 00 UTC. The black contour is the location
of 1-km elevation. (b-x) Same as (a) but for every 6 hours between 4 January 06 UTC
to 9 February 18 UTC.
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Figure 4.12: (a) WRF 6.7 km precipitation (shaded, mm 3-hr!) and IVT (dashed
contour, kg m! s1) at4 February 2010 00 UTC. The black contour is the location of
1-km elevation. (b-x) Same as (a) but for every 6 hours between 4 January 06 UTC
to 9 February 18 UTC.
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Both events show that the majority of their precipitation falls in western HMA when
the IVT becomes terrain locked in the “notch” or area that is enclosed on three sides by
high elevation mountains. The terrain in the area of this western HMA notch, identified
in Lang and Barros (2004), combined with the location of the subtropical jet, increases
the likelihood that an extratropical cyclone remains quasi-stationary in this area, in-
creasing the orographic precipitation in western HMA. The precipitation patterns dur-
ing both our AR events are consistent with the January 1999 extreme precipitation
event, described in Norris et al. (2015) as a western notch pattern. This is unsurpris-
ing, considering that the classification completed in Nash et al. (2021) identified 10
January 1999 as a Western HMA AR type. This indicates the utility provided by the
HMA AR Types from Nash et al. (2021) in identifying winter precipitation variability in
HMA.

4.3.5 Mesoscale Characteristics of the HMA AR Case Studies

The following discussion investigates the mesoscale conditions for the differing ARs
to better understand the possible mechanisms for the differing orographic precipitation
amounts and types (i.e., snow, rain) in western HMA. We expected that the precipita-
tion simulated for these AR events required a general combination of lift, moisture, and
instability. Using along AR cross-sections (see yellow lines in Figs. 4.13a and 4.14a),
we show the horizontal water vapor flux (m s!), equivalent potential temperature
contours (K), potential temperature contours (K), vertical velocity (m s'), snow-water
mixing ratio (g kg!), and water vapor mixing ratio (g kg'!) interpolated to height above
ground level (km) at 13 January 2002 00 UTC and 8 February 2010 00 UTC. Results
for other times during the AR events were consistent with the times shown here; there-

fore, we only show the day of peak IVT for each event to allow for easier comparison
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between the two dates.

On 13 January 2002 00 UTC, the IVT has a more zonal component as it crosses
the Hindu Kush, and then turns into more of a southwesterly flow in western HMA,
getting caught in the western notch (Fig. 4.13a, h). The western cross-section (4.13b)
shows that the IVT within the AR south of 29.8°N extends from the surface to 8 km,
peaking at 0.04 m! s! between 4-7 km. The moisture in the AR appears to be following
the isentropes as they slope down at 29.8°N and then gently slope upward between
31.4°N and 34.4°N. Vertical velocity (Fig. 4.13e) shows that there is upward motion on
the windward side of each peak, accompanied by negative vertical velocity on the lee
side of the slopes. The above-average freezing level, which is above 4 km until about
31.4°N keeps the snow-water mixing low (Fig. 4.13h). However, unlike the February
2010 case, there is no rainfall in the foothills. We think this is because most of the
moisture from the AR is above the height of the freezing level north of 31.4°N, so all
the precipitation falls as snow, coinciding with the snow water mixing ratio of up to
0.3 g kg'! (Fig. 4.13h). The eastern cross-section (Fig. 4.13c) shows moisture near
the ocean surface south of 25.7°N and the moisture from the AR is aloft between 4
and 8 km north of 25.7°N, as this area is downwind of the zonally advecting AR. There
is a peak in snowfall that coincides with the first tall mountain peak and snow water
mixing ratio up to 0.6 g kg! (Fig. 4.131i), north of 32.6°N that implies that the moisture
was forced orographically.

The westernmost cross-section for the February 2010 case (Fig. 4.14b) shows that
the moisture from the AR is already aloft at 29.8°N, with a maximum of water vapor
flux at 0.16 m s! around 3 km in elevation. Compared to the climatological vertical
profile of water vapor flux from the past AR events that reached Western HMA, the
February 2010 AR was extremely moist with maximum moisture peaking at a higher

than average pressure level. At 29.8°N (roughly above the first mountain peak), the
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Figure 4.13: (a) WRF 20 km IVT (shaded and vectors, kg m™! s!) on 13 January
2002 00 UTC. The black contour is 1-km elevation. The left yellow line indicates the
cross-section for (b) and the right yellow line is the cross-section (c). (b) WRF 6.7 km
water vapor flux (shaded, m s'1) and 0z (dashed contour, K) interpolated to height
above ground level (km). The cyan line is the height of the 0°C isotherm. The line
plot above is WRF 6.7 km total precipitation (mm, blue line) and snow (mm, black
line) along the same cross-section. (d) TRMM LIS-OTD lightning (shaded, flashes
day!) and WRF 20 km IVT (dashed contours, every 125 kg m! s'1). (e) WRF 6.7
km potential temperature (dashed contour, K) and vertical velocity (shaded, m s1).
(g) WRF 6.7 km precipitation (shaded, mm day!), fraction of frozen precipitation
(blue contour, at 0.5 and 1.0), and IVT (dashed contours, every 125 kg m'! s'1). (h)
WRF 6.7 km snow water mixing ratio (contour, g kg'!) and water vapor mixing ratios
(shaded, g kg'1). (c, f, i) Same as (b, e, h) but for the eastern cross-section.
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air is unstable at 3 km and 4.25 km in elevation, supporting the moist air aloft (Fig.
4.14e). There is a maximum in vertical velocity on the lee side of the slope just south
of 31.4°N associated with a vertically homogeneous theta-e zone, and a maximum of
snow-water mixing ratio, where a very minimal amount of rainfall occurs (Fig. 4.13b,
e, h). The moisture in the AR moves below 2 km on the lee side of the slope around
31.5°N before it is orographically lifted to 4 km on the second main peak it encounters
at 34.4°N (Fig. 4.14b). Just south of 34.4°N there is a peak in rainfall in the foothills
(about 100 mm) as the moisture is orographically lifted. There is an area of potential
instability in the foothills north of 34.4°N, diagnosed by the tightly packed isentropes
(theta-e) as well as another vertical velocity maximum (Fig. 4.14b, e). This, along with
the sharp decrease in the freezing level height, may explain the peak in snowfall just
north of 34.4°N, with a snow-water mixing ratio greater than 0.35 g kg! (Fig. 4.14h).
It is around the location of the transition from rainfall to snowfall where one of the
landslides occurred on 8 February 2010 at 73°E, 34°N, unsurprising with almost 250
mm of snow falling in under 3-hours. There is another small peak in snowfall as the
remaining moisture is orographically lifted in the steep terrain south of 35.8°N that is
associated with a maximum of snow water mixing ratio above 1 g kg (Fig. 4.14h).

In the eastern cross-section for February 2010 (Fig. 4.14c), there is a layer of mois-
ture close to the surface south of 25°N, that is slightly lifted, most likely due to the
moisture in the AR making landfall, or crossing from ocean to land. Additionally,
there is moisture aloft between 4 and 6 km but once it reaches 28°N, it descends to
2-4 km as it moves closer to HMA, falling below the zero degree isotherm, following
the isentropes (theta-e) (Fig. 4.14c). Snow-water mixing ratio within this moisture
aloft reaches 0.6 g kg'! and water vapor mixing ratio is below 4 g kg! (Fig. 4.14i).
Then, similar to the western cross-section, there is an area of potential instability in the

foothills north of 32.6°N, providing lift for the moisture and resulting in rainfall and
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then snowfall when the height of the freezing level decreases. Orographic lift of the

remaining moisture results in a secondary peak of snow, south of 34.8°N (Fig. 4.14c).
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Figure 4.14: Same as Fig. 4.13 but for 8 February 2010 00 UTC.

The main differences between the two AR cases are the orientation of the AR axis,
where the moisture during February 2010 was southerly, and directly perpendicular to
the terrain, while the moisture during January 2010 was zonal (Figs. 4.13g and 4.14g).

However, in January 2010, there are still indications that the moisture became terrain
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locked in the western HMA notch, resulting in 100 mm precipitation totals in some
locations (Fig. 4.13g). With the higher elevation freezing level in the January 2002
case, it does appear that there was significantly less frozen precipitation compared
to the February 2010 case, despite increased rainfall in the February 2010 case (Fig.
4.13h, i and 4.14h, i). The cross-sections for both cases show that the freezing level
descends as the latitude increases, but the moisture above the freezing level in the
January 2002 case provides context for the lack of rainfall in the foothills (Fig. 4.13b).
The February 2010 case, which had a lower than average freezing level in western
HMA, had more rainfall than the January 2002 case, which seems to be because the
moisture in the February 2010 AR was lower than the moisture in the January 2002
cases respective each to their own freezing level height (Fig. 4.14b). It also appears
that the height of the freezing level influenced the number of lightning flashes during
each event where, in western HMA, there were roughly 10,000 lightning flashes for the
duration of the January AR while 25,000 lightning flashes occurred during the February
2010 AR (Fig. 4.13d and 4.14d). Similar to Nash and Carvalho (2020), the lowered
height of the freezing level during the February 2010 case potentially increased the
number of lightning flashes in western HMA. This also aligns with previous studies,
who recognized that in addition to terrain slope, an increase in the ice within clouds
increases the lightning flash rate (Blyth et al., 2001; Dye et al., 2000; Lal & Pawar,
2009; Pawar et al., 2015).

4.3.6 Thermodynamic Characteristics of the HMA AR Case Studies

To facilitate discussion of the orographic impacts on moisture and precipitation, we
focus on zonally oriented cross-sections along the areas of topography that appear to

receive most of their precipitation during Western HMA AR events (for cross-section
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locations, see Fig. 4.1a). The locations of the cross-sections fall roughly within the
Foothill Zone and Montane Zone of HMA, or around 1 km and 3 km respectively. We
consider the temporal evolution of IVT and precipitation along these cross-sections in
Fig. 4.15 where IVT (kg m? s1) is shaded and precipitation (mm hr?!) is contoured
and Fig. 4.16 breaks down the differences between snow (shaded, mm hr!) and rain
(contoured, mm hr!). Noticeably, IVT maximums and precipitation maximums do not
always align, with the IVT maximum occurring in the lower elevations while precipita-
tion maximums occur in higher elevations (Fig. 4.15). For both events, there was more
snow compared to rain, and the rain occurred at lower elevation than snow (Fig. 4.16).
The duration of IVT greater than 50 kg m* s is longer during the February 2010 event
compared to the January 2002 event, which was expected given that the February 2010
event lasted about 18 hours longer than the January 2002 event (Fig. 4.15). Coincid-
ing with IVT values greater than 50 kg m™! s, precipitation duration was longer during
the February 2010 event compared to the January 2002 event (Fig. 4.15). Both events
have similar IVT maximums (February 2010 at 300 kg m' s, and January 2002 at
250 kg m! s!) at 33.9°N and 74.7°E for less than 3 hours in the Foothill Zone (Fig.
4.15a, ¢). Another notable difference is that the onset of the February 2010 AR was
relatively uniform along both cross-sections, with a slight delay in onset in the eastern
region of Western High Mountain Asia while the onset of the January 2002 AR began
sooner in the western region of the cross-section and the onset in the eastern region
over 48 hours later (Fig. 4.15). This is likely because the orientation of the IVT within
the AR was more southerly in the western region and more westerly in the eastern
region during the January 2002, delaying the onset east of 70.8°E. Another interesting
observation is that the diurnal cycle seems to influence the timing of the rainfall more
than the snow in the foothills, with increased rainfall around 6 UTC each day (Fig.

4.164a, c).
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Figure 4.15: (a) WRF 6.7 km IVT (shaded, kg m! s ) and precipitation (contour,
mm hr!) along the zonally oriented cross-section (extent shown in Fig. 4.1) every 3
hours in the Foothill Zone for the January 2002 AR event. (b) Same as (a) but along
the cross-section in the Montane Zone. (c) Same as (a) but for the February 2010 AR
event. (d) Same as (b) but for the February 2010 AR event. The elevation (red line,

m), latitudes, and longitudes of their respective cross-sections are on the bottom of
the figure for reference.
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Figure 4.16: (a) WRF 6.7 km Snow (shaded, mm hr!) and rainfall (contour, mm
hr'!) along the zonally oriented cross-section (extent shown in Fig. 4.1) every 3 hours
in the Foothill Zone for the January 2002 AR event. (b) Same as (a) but along the
cross-section in the Montane Zone. (c) Same as (a) but for the February 2010 AR
event. (d) Same as (b) but for the February 2010 AR event. The elevation (red line,
m), latitudes, and longitudes of their respective cross-sections are on the bottom of

the figure for reference.
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Focusing on two locations that appear to be hot spots for precipitation during these
ARs with differing elevations (locations are black triangles in Fig. 4.1a), Fig. 4.17

!, and equivalent

shows the precipitation rate (mm hour?), water vapor flux (m? s
potential temperature (K) every 3 hours interpolated to height above ground level
(km). The grid cell nearest 32.18°N and 72.82°E has an elevation of 3.61 km and
accumulated 160 mm of precipitation during the January 2002 event and over 450
mm of snow during the February 2010 event (Fig. 4.8a, b). Most of the water vapor
flux during the February 2010 event is below 8 km, while water vapor flux during the
January 2002 event reaches 9 km in elevation. Both events have a maximum water

1 around 4.5 km in elevation (Fig. 4.17c, g). At the grid

vapor flux of 0.07 m! s
cell closest to 33.73°N, 74.82°E where the elevation is 2.12 km, both AR events saw
higher water vapor flux of 0.14 m! s during the February 2010 AR and 0.08 m! s*!
during the January 2002 AR peaking below 5 km (Fig. 4.17d, h). The water vapor flux
quickly intensifies on 8 February 2010, with a rain rate of 20 mm hour?! (Fig. 4.17f,
h). For both locations on 5 February 2010, the low-level moisture advection (between
4-6 km) from the AR increases theta-e 16°K in less than 12 hours between 0 and 12
UTC. (Fig. 4.17c, d, g, h). Theta-e oscillates in the low levels as moisture convergence
results in precipitation, and once the condensed water vapor cools and precipitates on 8
February 2010, theta-e decreases about 10°K per 12 hours between 12 UTC and 0 UTC
(Fig. 4.17g, h). Moisture increase from advection has a much shorter duration during
January 2002, where theta-e decreases about 6°K between 4-8 km by 12 January 2002
13 UTC and then increases about 6-8°K by 13 January 2002 11 UTC (Fig. 4.17c, d). If
we look at the rain rates at 33.73°E, 74.82°N during the February 2010 AR (Fig. 4.17f),

we see the same diurnal patterns we identified in Fig. 4.16.
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Figure 4.17: (a) WRF 6.7 km precipitation (blue line, mm hr'!) and snow (black line,
mm hr!) at the grid cell closest to 35.18°N, 72.82°E for the duration of the January
2002 AR event. (b) Same as (a) but for the grid cell closest to 33.73°, 74.82°E. (c)
WREF 6.7 km water vapor flux (shaded, m™! s!) and equivalent potential temperature
(contours, K) at the grid cell closest to 35.18°N, 72.82°E every 3 hours for the duration
of the January 2002 AR. (e) Same as (a) but for the February 2010 AR. (f) Same as
(b) but for the February 2010 AR. (g) Same as (c) but for the February 2010 AR. (h)
Same as (d) but for the February 2010 AR. For the spatial locations of the grid cells,

see the black triangles in Fig. 4.1.)
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4.4 Conclusions

Between 1979 and 2015, the frequency of ARs crossing southwest Asia has in-
creased during January and February. Additionally, southerly IVT has significantly
increased in western HMA during winter Western HMA ARs, indicating that in re-
cent decades, there has been an increase in the frequency and intensity of Western
HMA ARs. Considering the warming temperature trend across HMA, combined with
the large fraction of total winter precipitation ARs contribute across HMA, it is imper-
ative to examine the mesoscale features of these ARs to determine their local influ-
ence on orographic precipitation and associations with precipitation-related hazards
such as lightning and landslides. We show that the height of the 0°C isotherm has
been increasing all across HMA, significantly so across central and eastern HMA, and
that there is significantly more frozen precipitation during HMA ARs occurring with
a below-average freezing level height compared to HMA ARs with an above-average
freezing level height. Focusing on two impactful western HMA ARs, we compare and
contrast their mesoscale characteristics to determine the influence of the height of the
freezing level on orographic precipitation. Additionally, we show what mechanisms are
important for improving the efficiency of AR-related precipitation in western HMA.

The first AR occurred in February 2010, lasted for about 5 days, resulted in about
250 mm of precipitation, reaching 450 mm in some locations, and was related to three
separate landslide events along the windward ridge of western HMA. The second AR
occurred in January 2002, lasted for about 3 days, resulted in about 100 mm of pre-
cipitation across western HMA, and was not related to any identified landslides. Both
events had secondary bands of precipitation (up to 100 mm) that formed on ridges
downwind. We selected these cases because they both were Northwestern HMA AR

types that transitioned to Western HMA AR types, and they resulted in above 85th
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percentile of precipitation for western and/or northwestern HMA. One of the main
differences between the February 2010 case and the January 2002 case was that the
height of the freezing level in western HMA during the AR was above-average during
the January 2002 case and below-average during the February 2010 case, which po-
tentially resulted in a higher fraction of frozen precipitation during the February 2010
case compared to the January 2002 AR. Our results show that both events were quasi-
stationary, with a trough located in NW HMA and anti-cyclonic circulation over India
terrain-locking and orographically lifting the moisture within the AR plume, resulting
in extreme precipitation. However, the trough at the time of peak IVT in the January
2002 case was west of the trough during the time of peak IVT in the February 2010
case, so that by the time the plume of AR moisture became terrain-locked in the west-
ern HMA notch, the IVT magnitude was lower, and the upper level geopotential heights
were more zonal. This reflected in the mesoscale analysis as the February 2010 case
having southerly AR moisture flowing directly perpendicular to the topography, while
the AR moisture in the January 2002 case was much more southwesterly. Similar to the
findings in Norris et al. (2015), it appears that the orientation of the axis of the AR and
the duration of the AR appear to influence the efficiency of the orographic precipitation
more than the amount of IVT.

The moisture in the February AR was much lower in elevation relative to the freez-
ing height level (3 km), centered just below 4 km in the lower latitudes, while the
majority of the moisture in the January 2002 AR was above the height of the freezing
level (4 km), between 4 and 6 km. This is perhaps the main reason that we see more
rainfall in the foothills during the February 2010 case, despite the lower than average
freezing level. Once the moisture in both cases reached the mountains, it ascended and
as a result, snow fell along the windward side of multiple peaks until the moisture from

the AR was gone. The lowered freezing level in the February AR may have influenced
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the frequency of lightning flashes in this region, as there were almost 25,000 lightning
flashes in western HMA during this event. We also show that there were up to 10,000
lighting flashes during the January 2002 AR, highlighting the connection between ARs
and lightning that was introduced in Nash and Carvalho (2020).

This work illustrates the importance of the height of the freezing level and other
mesoscale mechanisms on local, orographic precipitation during Western HMA ARs. We
show that in recent decades, along with the increase of the height of the freezing level
across HMA, the frequency and intensity of Western HMA ARs has increased, and that
when the height of the 0°C isotherm is above-average, there is significantly less frozen
precipitation. Our research shows the impact of ARs as they cross HMA and result in
extreme precipitation if the orientation of the AR axis is perpendicular to the complex
topography. We uncovered more information on the relationship between ARs and
precipitation-triggered landslides in our analysis of the February 2010 AR. We show the
water vapor flux along the AR in the February 2010 event is orographically lifted in a
potentially unstable environment near the foothills of HMA, resulting in a combination
of rain and snow of about 100 mm hour?, potentially triggering multiple landslides
across western HMA. However, the 6.7 km spatial resolution simulation is not fine scale
enough to resolve the complex orographic processes, and further downscaling to 3 or
1 km resolution may be necessary to fully resolve all the meteorological characteristics
of this particular event. Improved understanding of the meteorological characteristics
during these extreme HMA ARs could potentially improve landslide predictability in

western HMA.
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Chapter 5

Extremes in the atmosphere, disasters
on land: Simulating and evaluating
hazardous atmospheric river-related

precipitation in High Mountain Asia

D.L. NAsH, C. JONES, & L.M.V. CARVALHO

Abstract

Atmospheric Rivers (ARs) are relatively infrequent corridors of water vapor in our
atmosphere that contribute both to beneficial water resources and hazardous weather
conditions via precipitation across the globe. ARs reach High Mountain Asia (HMA),
impact seasonal precipitation totals, and result in extreme weather events such as
flooding, landslides, and lightning storms. Yet, the effects of ARs on water resources

and hazards in HMA are not well established. A 36-year regional climate simulated by
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the Weather Research and Forecasting (WRF) model described the mesoscale charac-
teristics of a Western HMA AR that occurred in February 2010 and resulted in over 450
mm of precipitation and 3 landslides in western HMA. While the 20 km and 6.7 km
simulation was able to realistically capture the mean precipitation for this devastating
event, it had difficulty resolving the spatial and extreme extents of the precipitation
during this AR. This paper provides multiple nested high-resolution (e.g., 9 and 3 km)
downscaling simulations for the February 2010 Western HMA AR to investigate the
optimal WRF configuration and parameterization needed to resolve the atmospheric
flow interactions of ARs with the complex terrain of HMA. The accuracy of simulated
extreme precipitation, relative to gridded observations provided by NASAs Integrated
Multi-satellitE Retrievals for GPM (IMERG-PM), notably improves by increasing model
resolution. We show that 3 km simulations improve precipitation estimates by 75%
relative to coarser 6.7 km simulations. This targeted dynamical downscaling frame-
work is able to capture local extreme precipitation and key fine-scale characteristics of
one of the more extreme Western HMA ARs, and will be important to utilize to aid in

understanding AR-related extremes.

5.1 Introduction

In High Mountain Asia (HMA), precipitation and the resulting glacial melt in the
spring and summer months simultaneously provides water resources for hundreds of
millions of people, while also presenting risks for many extreme weather conditions
(Hewitt, 2005; K&ab et al., 2012). Atmospheric Rivers (ARs) occur in a variety of lo-
cations across the globe and are associated with extreme precipitation, flooding, light-
ning, debris flows and anomalous snow accumulation (Cannon et al., 2018; Nash &

Carvalho, 2020; Oakley et al., 2018; Zhu & Newell, 1994, among others). In HMA,
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ARs contribute to extreme precipitation and are associated with flood events in the
Nepal and Bay of Bengal areas (Thapa et al., 2018; Yang et al., 2018). Recent work
has shown that Atmospheric Rivers (ARs) are a significant contributor to total seasonal
precipitation during winter and spring months in HMA, and a single AR event can con-
tribute up to 25% of the total seasonal winter precipitation (Nash et al., 2021, 2022).
However, due to the scarcity of observation stations, and the complex topography of
HMA, precipitation estimates may be inaccurate, particular in higher elevations dur-
ing the winter where snow is the main form of precipitation, highlighting the need for
finer-scale simulations (Bookhagen & Burbank, 2010; Norris et al., 2015; Norris et al.,
2017).

Norris et al. (2017) evaluated Advanced Weather Research and Forecasting (ARW-
WREF, hereafter WRF) simulations of the full annual range of mesoscale precipitation
for the entire Himalayan arc between 1 April 2005 00 UTC and 1 April 2006 00 UTC
and found that for the 6.7 km simulations, WRF had considerable skill in simulating
the timing of winter storms on the windward side of the mountains. However, in ar-
eas of complex topography, the model had a considerable wet bias when compared
to the rain-gauges. Norris et al. (2017) highlight the need for improved observations
for snow in the higher elevations of HMA, as the rain-gauges cannot accurately cap-
ture snowfall. Norris et al. (2018) found that compared to the 6.7 km simulations,
further downscaling to a 2.2 km domain did not capture any spatio-temporal precip-
itation patterns. However, Huang et al. (2020) found that high-resolution dynamical
simulations of ARs are necessary to accurately show fine-scale orographic precipitation
processes driven by ARs, particularly in regions of complex topography. For this study,
we complete a series of downscaling experiments during an impactful AR that occurred
in February 2010 in western HMA, resulting in over 450 mm of precipitation in some

regions. We demonstrate that finer-scale resolution simulations improve the represen-
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tation of the precipitation in an area with steep and narrow topographical features that
are prominent in HMA.

In our previous chapter, using 6.7 km WRF simulations generated in Norris et al.
(2018), we contrast the mesoscale characteristics of two extreme precipitation events
in HMA associated with ARs, and we show that the orientation of the AR axis is critical
to the amount of precipitation that occurs. We identified three precipitation-triggered
landslides that occurred within the vicinity of the February AR event (Kirschbaum et
al., 2010). However, the 6.7 km spatial resolution simulation was not fine scale enough
to resolve the complex orographic processes, and further downscaling is necessary to
fully resolve all the meteorological characteristics of this particular event. Here, we
simulate the February 2010 AR event at 9 and 3 km spatial resolution and hourly
temporal resolution to improve the simulated orographic precipitation processes. We
show that the improvement from finer-scale simulations is important to shed some light
on the interactions between orographic precipitation related to ARs and precipitation
triggered landslides in the Kashmir and Khyber Pakhtunkhwa regions in western HMA.
The main objective of this study is to evaluate 3 km WRF simulations using multiple
parameterization schemes to determine if we can improve the simulated precipitation

during the extreme western HMA AR event in February 2010.

5.2 Data

To detect ARs, we used the Tracking Atmospheric Rivers Globally as Elongated Tar-
gets (tARget) algorithm, version 3 which was applied to ERA-Interim data on a global, 6
hourly basis from 1979 to 2019 (Guan & Waliser, 2019). This AR detection algorithm is
useful for the HMA region as it detects ARs via relative IVT intensity thresholds, which

is particularly useful during the winter and spring in HMA, as there is, on average, little
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to no moisture (Nash et al., 2021). Additionally, it was used in multiple studies, includ-
ing Nash et al. (2021) where they applied cEOF and k-means cluster analysis to days
an AR passed the 1000 m elevation threshold in HMA. Nash et al. (2021) determined
that there are three main types of ARs that reach HMA in winter, and used the resulting
classification of AR types to identify the synoptic characteristics of the February 2010
AR event analyzed here.

This study uses 36 years of Climate Forecast System Reanalysis (Saha et al., 2010)
dynamically downscaled over HMA to 20 km and 6.7 km spatial resolution and 3-hourly
temporal resolution using the Advanced Weather Research and Forecasting (ARW-WREF,
hereafter WRF) model version 3.7.1 created in Norris et al. (2018). Norris et al. (2018)
generated these simulations specifically to analyze the mechanisms and trends associ-
ated with the contrasting regions of the Karakoram and Central Himalaya between
April 1979 to March 2015. Here, it is used to evaluate precipitation and IVT during the
February 2010 AR event. For more information on the WRF model configuration for
the 6.7 km output, please see Norris et al. (2017) and Norris et al. (2018).

The European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric
reanalyses of the global climate (ERA5) is used here to derive the initial and boundary
conditions for the downscaling experiments and case studies with a 0.25° spatial res-
olution and hourly temporal resolution (Hersbach et al., 2020). The parameters and
description of the setup for the WRF experiments can be found in Section 5.3.1.

Precipitation observations in HMA are limited, particularly when focusing on ex-
treme conditions because rain-gauge data is sparse and unreliable and there is no pre-
cipitation radar (Norris et al., 2015). Precipitation data from Integrated Multi-satellitE
Retrievals for Global Precipitation Measurement (IMERG-PM) VO6B is used for compar-
ison to WRF’s simulated precipitation distribution during HMA AR events. Combined

infrared and microwave data from multiple satellites are used to estimate precipita-
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tion at 0.1° spatial resolution with half-hourly temporal resolution (Huffman et al.,
2020). Despite its finer spatial resolution compared to the previous generation of Trop-
ical Rainfall Measuring Mission (TRMM), this data still has known deficiencies, and is
too coarse for capturing orographic precipitation structures in the complex topography
of HMA. Multiple studies have shown that IMERG-PM underestimates frozen precipi-
tation in areas with sparse station data or in areas of complex topography (Behrangi
et al.,, 2016; Huang et al., 2020). We will show that this underestimation leads to
discrepancies between this observation and the simulated precipitation, particularly in
higher elevations. Despite its limitations, IMERG-PM is the most reliable long-term
gridded precipitation estimate, and is useful in comparing the broader spatial patterns
and timing of precipitation during these AR events.

For model verification in the vertical levels, we used raw radiosonde data from 4-
9 February 2010 for 00 and 12 UTC from the University of Wyoming Department of
Atmospheric Sciences Weather online data archive from the New Delhi station (sta-
tion number 42182), located at 28.58°N and 77.20°E. Figure 5.1 shows the location of
the radiosonde location for reference. We performed comparisons with WRF for tem-
perature, dew point, wind speed, specific humidity, and water vapor flux at standard
pressure levels from 925 to 100 hPa. We omitted soundings without standard pressure

levels from model validation.

5.3 Methods

5.3.1 WREF Setup

We performed simulations for the 4-9 February 2010 AR event beginning 36 hours

before the AR made landfall in HMA (identified using the same criteria for Nash et al.
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Figure 5.1: Elevation (shaded, m) for WRF model domains used for downscaling to
3 km. Domains DO1 and D02 have 9 km (927 by 432) and 3 km (1855 by 928) grid
spacing resolution (number of grid cells), respectively. We represent the New Delhi
radiosonde station with a black triangle (station number 42182). The numbers in the
brackets indicate the number of grid points in the x and y direction for each domain.
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(2021)) and ended when there was no longer an AR according to the tARget algo-
rithm. Using version 4.2.2 of the WRF model (Skamarock et al., 2008), we completed
simulations with two domains with one-way interaction (i.e., no feedback and the in-
ner domain did not affect the outer domain) of 9 km and 3 km (3:1 ratio), mapped
with a Mercator projection (see Fig. 5.1 for a map of the domains). The time steps
were 45 s and 15 s. Hourly ERAS reanalysis provided the initial and lateral boundary
conditions. Our reference scheme is the same parameterization scheme that was used
in Norris et al. (2018), as Nash, Carvalho, Jones, et al. (2022) found it to capture the
broad spatial precipitation patterns during HMA AR events (for more details, see Table
5.1).

We ran a series of experiments with additional microphysics and land surface model
schemes to confirm that the performance of specific schemes were appropriate for cap-
turing AR-related precipitation extremes in HMA. We chose schemes for our experi-
ments based on the following criteria: 1) they are commonly used in the WRF com-
munity; 2) they have excellent performance in precipitation in High Mountain Asia
or in AR-related precipitation in previous studies. We completed the experiments by
changing one parameterization scheme at a time, and then evaluating the skill of that
experiment with the model verification strategy outlined in the next section. We ran
two additional simulations, one where we kept all parameterizations the same except
for changing the microphysics from Thompson to Morrison 2-moment (referred to as
MP1) (Morrison et al., 2009; Thompson et al., 2008), and one where we changed
the Land Surface Model from Noah MP to Noah LSM (referred to as LSM1) (Chen &
Dudhia, 2001; Niu et al., 2011).

Each 3 km simulation started on 3 February 2010 00 UTC, with the first 24 hours
discarded as spin-up time. We turned off cumulus parameterization for the 3 km do-

main, as it is only valid for domains with greater than 9 km spatial resolution (Huang
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Table 5.1: WRF model setup for the parameterization experiments.

Simulation Period
Time step

Map projection
Horizontal grid spacing
Vertical levels

Model top

Forcing data
Initialization
Runs starting time
Runs duration

Spin-up time

Longwave radiation
Shortwave radiation
Cumulus (CU)

Microphysics (MP)
Planetary boundary layer
(PBL)
Land
(LSM)
Surface layer

Surface  Model

3 February 2010 00 UTC to 9 February 2010 00 UTC
455, 15s

Mercator

9 km (927 x 432), 3 km (1927 x 928)
55 eta-levels

50 hPa

ERAS5 (0.25°, hourly)
Once

3 February 2010 00 UTC
144 hr

12 hr

RRTMG (Iacono et al., 2008)

RRTMG (Iacono et al., 2008)

Kain-Fritcsh Convection - outer domain only (Kain,
2004)

Thompson (Thompson et al., 2008)

Yonsei University BL. (Hong et al., 2006)

Noah-MP (Niu et al., 2011)

MMS5 (Monin and Obukhov, 1954)
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et al., 2020; Norris et al., 2017; Skamarock et al., 2019). In our downscaling exper-
iments, the outer domain has a large spatial extent compared to previous case study
experiments, extending from eastern Africa to eastern Asia to encapsulate the entirety
of the HMA AR, as it reached 2000 km or longer. WRF uses a terrain-following vertical
coordinate (with 55 levels used in these simulations from the surface to 50 hPa), and

we interpolated all output onto pressure levels.

5.3.2 Verification Strategy

For the model validation against the radiosonde observations, we take the model
output every 12 hours (e.g., 00 UTC and 12 UTC) and all variables (equivalent potential
temperature, temperature, dew point, wind components, specific humidity, and water
vapor flux) were interpolated to standard pressure levels from 925 hPa to 100 hPa at
the grid cell closest to the location of the radiosonde station identified in Section 5.2.
To validate precipitation for each simulation, hourly model output at 00 UTC, 01 UTC,
... 23 UTC, provided the hourly accumulation from 4 February 2010 00 UTC. This was
then used to compute the mean values of precipitation for time step t by subtracting
precipitation at time (t), from precipitation at time (t+1). Integrated water Vapor
Transport (IVT) is a variable widely used in the detection and characterization of ARs
(Guan & Waliser, 2015; Nash et al., 2021). This was calculated by taking hourly model
output, interpolating u and v wind components (m s!), and water vapor mixing ratio
(kg kg')) to 20 pressure levels (1000, 975, 950, 925, 900, 875, 850, 825, 800, 775,
750, 700, 650, 600, 550, 500, 450, 400, 300, and 250 hPa). Only data at pressure
levels above ground level were used for each grid cell in the integration. Then, using
water vapor mixing ratio, we computed specific humidity (q) and then integrated u

and v wind components with q at all pressure levels above ground level (see Appendix
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C.1 for equations).

For each parameterization experiment, statistical measures for model performance
include mean bias, root-mean-square error (RMSE) and correlation coefficient. We
calculated these metrics for two-dimensional fields of precipitation and IVT, as well as
for vertical fields of variables outlined in Section 5.3.2. Mean bias shows the deviation
of the model from the observation, but can be misleading since the observation and
model are not the same spatial resolution. For example, when interpolating the latitude
and longitude grids to the same resolution, the values can be offset, giving you strong
negative or positive biases in those grid cells. The observation was regridded to the
finer-scale model resolution for any verification methods. Mean absolute error is the
average magnitude of the error, which, when combined with mean bias, can give a
more accurate picture of the overall difference in values. RMSE gives information
about the variability of the error distribution because it is more sensitive to outliers
(Chai & Draxler, 2014; Wang et al., 2021; Willmott & Matsuura, 2005). The correlation
coefficient is a measure of how the model and observation change together. Using these
evaluation criteria, we discuss the best scheme for simulating the AR-related extreme

precipitation in Western HMA during February 2010.

5.4 Results

5.4.1 Summary of AR Case

Here I will summarize the synoptic, mesoscale, and thermodynamic characteristics
that we found are important to simulating the extreme precipitation related to the
February 2010 AR case. This AR occurred from 4 February 2010 00 UTC to 8 February

2010 18 UTC (duration of 90 hours), and had a below-average freezing level height
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in both Northwestern and Western HMA for the duration of the event. The AR began
as a Northwestern HMA AR Type from 4-6 February, then transitioned to a Western
HMA AR Type on 6 February. The IVT flow was primarily southwesterly, but around 7
February 12 UTC, the moisture in the AR near HMA was synoptically forced to be more
southerly, due to the positioning of the upper level trough and ridge. The moisture was
orographically forced into western HMA and was considered cross-barrier flow because
the moisture in the IVT was directly perpendicular to the topography. Up to 450 mm
of precipitation (mostly snow) fell in some areas of western HMA from this event and
there were three landslides that occurred (two on 6 February, one on 8 February) that
resulted in multiple fatalities as well as the destruction of several buildings and roads
(Kirschbaum et al., 2010). The moisture was well confined to the lower levels (below 4
km) and the orographic lift and long enduring IVT resulted in the extreme precipitation

in western HMA.

5.4.2 Model Evaluation

The main goal of the WRF model evaluation is to assess the ability of the simulation
to represent the main IVT characteristics (length, width, direction, and magnitude)
during extreme AR events. Additionally, we assess the capability of the simulation to
capture the extreme precipitation in the foothills and montane regions (between 1 and
3 km elevation) of HMA during the February 2010 Western HMA AR. Last, we evaluate
orographically forced vertical motion, via low-level winds and moisture, and convective
instability during these AR events.

Figure 5.2 shows the spatial bias of IVT for the 20 km WRF output, and the 3 km
experiments relative to ERA5 at the 00 UTC time steps from 6-9 February. We repeated

this analysis for every available time step and the results were consistent, and only
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Figure 5.2: (a-d) IVT bias (shaded, kg m™! s!) of WRF 20 km output — ERA5 27
km (regridded to match model) for the February 2010 AR event in Western HMA.
Elevation (gray contours, km) is shown every 2 km from 1 km to 10 km. (e-h) Same
as (a-d) but for WRF 3 km output using the benchmark parameterizations. (i-1) Same
as (a-d) but for WRF 3 km output using the MP1 parameterizations. (m-p) Same as
(a-d) but for WRF 3 km output using the LSM1 parameterizations.
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show the 00 UTC time step of each day for brevity. The 6.7 km simulation shows a wet
bias of about 100 kg m* s in regions with an elevation greater than 1 km (Fig. 5.2a-
d). For the 3 km simulations, there is a westward displacement of the AR IVT, which
shows up as a moist bias in western HMA and a dry bias in central HMA (Fig. 5.2e-p).
This is probably because we directly compared the 3 km simulations to 27 km ERAS5,
resulting in strong bias in offset grid cells, as described in Section 5.3.2. It also could
be related to directly downscaling ERAS5 to 9 km resolution, rather than a coarser scale
parent domain of 27 km. Wang et al. (2021) found that WRF produced large-scale
distortion in circulation patterns when they directed downscaled from ERA5 to 10 km
resolution, compared to their simulations with a 30 km parent domain and a 10 km
inner domain with two-way nesting. However, in the time series of the area-average
IVT (see Fig. 5.3), the 3 km simulations outperform the 6.7 km simulation as they are
able to capture not only the IVT magnitude estimated by ERA5 (Fig. 5.3a-c), but the
broader timing and intensity of IVT with an overestimation of 25 kg m™ s of IVT at
times in Western and Northwestern HMA (Fig. 5.3d, e). This is perhaps unsurprising,
as ERAS provided the initial conditions for the 3 km simulations, while CFSR was used
for the 6.7 km simulation. The 6.7 km simulation underestimates the magnitude of
IVT in these regions — potentially due to the differing data for initial conditions or
perhaps due to the coarser resolution (Fig. 5.3). There is a minimal difference in IVT
values between the 3 km reference simulation and the MP1 and LSM1 simulations.
The spatial RMSE and Pearson R Correlation for IVT is shown in Fig. 5.4. The maps
show that the 6.7 km simulation had higher Pearson R correlation coefficients (> 0.8)
and lower RMSE values (< 75 kg m™ s!) compared to both 3 km simulations (Fig.
5.4a, e). The 3 km simulations had very minor differences between each other, with
lower correlation in the Hindu Kush region (r=0.4) and higher RMSE (between 75-

100 kg m! s1) in the foothills and valley regions of Western HMA (Fig. 5.4b-d, f-h).
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When evaluating the average temporal coefficients of Pearson R and RMSE for IVT
in the three HMA subregions (see Fig. 5.5), there was no clear indication that one
simulation outperformed the others, however the correlation values were below 0.6 on
7 and 8 February in Northwestern HMA (Fig. 5.5b) and RMSE increased over time in
Western HMA (Fig. 5.5d). The 3 km MP1 simulation had slightly higher average RMSE
scores and slightly lower Pearson R coefficients for all three subregions compared to
the 6.7 km simulation (Fig. 5.5). Even though the 6.7 km simulation had the lower
RMSE scores (Fig. 5.5d-f), the Pearson R coefficients were quite similar to the 3 km

simulations (Fig. 5.5a-c).
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Figure 5.3: (top row) Average accumulated IVT (kg m'! s1) within (a) Western HMA
between 32-37°N, 71-79°E and (b) Northwestern HMA between 37-40°N, 66-74°E,
and (c) Eastern HMA for the February 2010 AR event for the WRF 6.7 km simulation
(vellow line), WRF 3 km benchmark simulation (navy blue line), WRF 3 km MP1
simulation (light blue line), WRF 3 km LSM1 simulation (green line), and IVT from
ERAS (red line). (d-f) Same as (a-c) but for average IVT rate (kg m™ s1).
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Figure 5.4: The calculated Pearson R correlation coefficient for (a) WRF 6.7 km
3-hourly IVT (kg m™! s1), (b) WRF 3 km benchmark 1-hourly IVT, and (c) WRF 3
km MP1 1-hourly IVT, and (d) WRF 3 km LSM1 1-hourly IVT relative to ERA5 IVT.
The calculated RMSE for (e) WRF 6.7 km 3-hourly IVT, (f) WRF 3 km benchmark
1-hourly IVT, (g) WRF 3 km MP1 1-hourly IVT, and (h) WRF 3 km LSM1 1-hourly IVT
(kg m! s1) relative to ERAS hourly IVT.

One thing that may directly improve the simulation of IVT include reinitializing the
model every day of the integration, rather than a continuous integration from start
of AR event to end of AR event. Wang et al. (2021) found that in order to keep the
synoptic-scale forcing as close to the observation, the model needed to be re-initialized
every day of the simulation. However, Norris et al. (2018) ran the model for a continu-
ous 12-month period rather than re-initializing every day, and IVT during this AR event
is well represented by that simulation. One main difference between the Norris et al.
(2018) scheme and our reference scheme is that spectral nudging was not used in the
parent domain, which may have influenced the larger-scale synoptic patterns, includ-
ing IVT. Another modification that could be made is adding a 27 km parent domain,
and nesting the 9-and-3 km domains, similar to the methodology used in Wang et al.
(2021) for the High Asia Reanalysis.

Precipitation bias (see Fig. 5.6) between the WRF simulations and IMERG-PM

shows that Norris’ 6.7 km WRF simulations overestimated precipitation in the higher
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Figure 5.5: Pearson R correlation coefficient between ERA5 IVT (kg m™! s1) and WRF
simulations within (a) Western HMA between 32-37°N, 71-79°E and (b) Northwestern
HMA between 37-40°N, 66-74°E, and (c) Eastern HMA for the February 2010 AR
event between ERAS5 IVT and the WRF 6.7 km simulation (yellow line), WRF 3 km
benchmark simulation (navy blue line), WRF 3 km MP1 simulation (light blue line),
and WRF 3 km LSM1 simulation (green line). (c-e) Same as (a-c) but for RMSE.
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elevation regions by about 20 mm hour! (Fig. 5.6a-c), while all the 3 km simulations
only overestimated precipitation in elevations greater than 1 km by about 5 mm hour!
(Fig. 5.6d-1). This suggests further downscaling directly improved simulated precip-
itation, and differing microphysics had less of an influence. Figure 5.7a-c shows the
accumulated precipitation and Fig. 5.7d-f shows the precipitation rate for the duration
of the AR in the subregions where the precipitation during Western, Northwestern, and
Eastern HMA ARs was above-average in Nash et al. (2021). In Western HMA, precipi-
tation accumulation was similar across all simulations, with every simulation capturing
the relative maximum of precipitation with a dry bias of about 5-10 mm (Fig. 5.7a).
In Northwestern HMA, the 3 km simulations more accurately captured the accumu-
lated precipitation, while the 6.7 km simulation overestimated the precipitation in this
region by about 20 mm (Fig. 5.7b). All simulations overestimated the precipitation
rate (by about 0.5 mm hr!) in both Western and Northwestern HMA, but were able to
relatively capture the broader intensity timing represented by IMERG-PM (Fig. 5.7d,
e). When examining the Pearson R correlation and RMSE coefficients, precipitation
showed below 0.4 correlation, particularly in higher elevation regions for all simula-
tions (Fig. 5.8a-d). However, when comparing the RMSE between the 6.7 km and 3
km simulations, the 3 km simulations had lower RMSE (below 4 mm in Western HMA
and below 2 mm in Northwestern HMA), particularly in elevations between 1 and 3
km (Figs. 5.8e-h and 5.9d-e). RMSE seems a more accurate portrayal of precipitation
skill compared to Pearson R correlation coefficient for this particular case study.
Figure 5.10 provides a summary of the average IVT and precipitation Pearson R
correlation coefficients and RMSE values for both precipitation and IVT in the three
HMA subregions for each of the simulations. Overall, all the 3 km simulations have
lower RMSE and higher Pearson R correlation coefficients for precipitation, indicating

that the finer resolution simulations provide a more accurate representation of pre-
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Figure 5.6: (a-c) Precipitation bias (shaded, mm hour!) of WRF 6.7 output -
IMERG-PM 11 km (regridded to match model) for the February 2010 AR event in
Western HMA. Elevation (gray contours, km) is shown every 2 km from 1 km to 10
km. (d-f) Same as (a-c) but for WRF 3 km output using the benchmark parameteriza-
tions. (g-i) Same as (a-c) but for WRF 3 km output using the MP1 parameterizations.
(G-1) Same as (a-c) but for WRF 3 km output using the LSM1 parameterizations.
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Figure 5.7: Same as Fig. 5.3, but for (a-c) average accumulated precipitation (total
mm) and (d-f) average precipitation rate (mm hr!).
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Figure 5.8: Same as Fig. 5.4 but for simulated precipitation (mm hr!) relative to
IMERG-PM observations.
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Figure 5.9: Same as Fig. 5.5, but for simulated precipitation (mm hr'!) relative to
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cipitation when compared to IMERG-PM observations (see Fig. 5.10a, b). The 6.7
km simulation did have a higher Pearson R correlation coefficient (r=0.15) in western
HMA compared to the 3 km simulations (r=0.11, 0.09, 0.12), but the difference is
quite small. There is little difference between the Pearson R precipitation coefficients
for the different 3 km simulations, but the reference 3 km simulation had a slightly
higher Pearson R coefficient in Northwestern HMA, while the WRF 3 km LSM1 simu-
lation had the highest Pearson R correlation coefficient in Western HMA (Fig. 5.10a,
b). For IVT, the 6.7 km simulation had lower RMSE compared to the 3 km simulations,
particularly in Western HMA (Fig. 5.10c). The reference WRF 3 km simulation had the
highest IVT Pearson R correlation coefficient in all three subregions (Fig. 5.10d). Wang
et al. (2021) tested various parameterization schemes for evaluating precipitation for
the High Asia Reanalysis and found that Morrison 2-moment microphysics Morrison et
al. (2009) outperformed their other schemes because it uses double-moment for rain,
ice, snow, and graupel while Thompson et al. (2008) only uses double moment for rain
and ice. In this specific case, Morrison 2-moment microphysics (WRF 3 km MP1) does
not improve the simulated precipitation. The choice of Land Surface Model (LSM)
in WRF simulations primarily influences variations in surface heat fluxes. However,
previous studies note that different LSMs influenced simulated circulation patterns in
the lower troposphere in HMA (Norris et al., 2015). For example, Wang et al. (2021)
indicated that Noah-MP may need a longer spin-up time compared to Noah-LSM to
properly resolve precipitation, and resulted in a cold bias with a shorter spin-up time
(Barlage et al., 2015; Cai et al., 2014; Gao et al., 2015). Our results show no significant
differences when comparing Noah-MP (WRF 3 km reference) to Noah LSM (WRF 3 km
LSM1) for either precipitation or IVT (Fig. 5.10.

To evaluate the vertical characteristics during this AR event, we compare observa-

tions from the New Delhi radiosonde station every 12 hours for the duration of the AR
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Figure 5.10: Regional (a) RMSE and (b) temporal correlation coefficients of average
simulated precipitation relative to IMERG-PM observations. For the extents of the
subregions, see Fig. 5.1. For more information on the parameterization schemes of
the simulations, see Table 5.1. (¢) Same as (a) but for IVT (kg m* s1). (d) Same as
(b) but for IVT (kg m™! s'1).
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event. We compute the bias at all standard pressure levels between 925 and 100 hPa
for temperature (°C), dew point (°C), wind speed (m s ), equivalent potential temper-
ature (K), specific humidity (kg kg!), and water vapor flux (m* s!) (see Fig. 5.11). At
the New Delhi station, the 6.7 km simulation outperformed the 3 km simulations be-
low 700 hPa for dew point, theta-e, specific humidity and water vapor flux (Fig. 5.11b,
d-f). This supports the evaluation of the RMSE for IVT (Fig. 5.4e-h), indicating that
the finer scale simulations overestimated the moisture within the AR in western HMA.
Comparing the 3 km simulations, the reference 3 km scheme and the MP1 scheme out-
performed the LSM1 simulation in moisture variables below 700 hPa (Fig. 5.11b, d-f).
There was not a noticeable difference in the 3 km simulations for all variables, except
that the MP1 simulation outperformed the other 3 km simulations in water vapor flux
between 950 and 700 hPa (Fig. 5.11f). In the mid-levels between 700 and 400 hPa,
all 4 simulations were similar, with less than a 1°C cool bias in temperature and warm
biases of about 5°C in dew point (Fig. 5.11a, b). Noticeably, all four simulations had
similar negative wind speed bias at all pressure levels, with a negative bias decreasing

with height up to -35 m s at 200 hPa (Fig. 5.11c).

5.5 Conclusions

We dynamically downscale an extreme Western HMA AR event that occurred be-
tween 4-9 February 2010 using nested WRF simulations at 9 and 3 km forced by ERA5
reanalysis. Comparing these finer-scale simulations to previously generated 6.7 km
WREF output, we find that the 6.7 km WRF output is too coarse to explicitly resolve pre-
cipitation maximums related to this AR event. The climatological 6.7 km simulation
generated in Norris et al. (2018) overestimated precipitation in the higher elevation

regions and underestimated precipitation in the foothills compared to IMERG-PM vO06.
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Figure 5.11: Bias for (a) surface temperature (°C), (b) dew point (°C), (c) wind speed
(m s1), (d) equivalent potential temperature (K), (e) specific humidity (kg kg'!), and
water vapor flux (m s!) at standard pressure levels between observed radiosonde
values and WRF 6.7 km simulation (yellow line), WRF 3 km benchmark simulation
(navy blue line), WRF 3 km MP1 simulation (light blue line), and WRF 3 km LSM1
simulation (green line) at the New Delhi Station (see Fig. 5.1 for location).
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We show that finer scale simulations decreases the moist bias in higher elevation re-
gions from 20 mm to about 5 mm (about a 75% decrease in precipitation bias).

We also evaluated the impact of downscaling to 3 km on IVT and found that the
6.7 km simulation outperformed the 3 km simulations. This most likely is due to the
fact that our 3 km simulations did not use spectral nudging in the parent domain, as
was done for the 6.7 km simulation (Norris et al., 2018). It also may have been due
to comparing ERA5’s 27 km IVT to the very fine scale 3 km simulations, or an effect of
directly downscaling ERAS5 from 27 km to 9 km. To determine if there was an influence
on simulated extreme precipitation and IVT using different WRF parameterizations, we
tested the Morrison 2-moment microphysics scheme and the Noah-LSM. While we did
not see a significant difference in 3 km simulated precipitation or IVT with our different
microphysics or land surface model simulations compared to our reference simulation,
it could be important to run additional parameterization tests.

Leung and Qian (2009) evaluated how well WRF simulated heavy precipitation
and floods related to ARs in the US and found that the 5-class mixed phase cloud
microphysics scheme provided realistic estimates of extreme wintertime precipitation
amounts and spatial distribution Hong et al. (2004) found that the 5-class mixed phase
cloud microphysics scheme better represented the ice cloud-radiation feedback, which
improved surface precipitation and large-scale mean temperature. Testing this addi-
tional microphysics scheme could be important to try as this study focused on winter-
time orographic precipitation associated with an AR. In addition to testing the simula-
tion with 5-class mixed phase cloud microphysics scheme, we recommend adding two
more domains to the simulation, including an inner domain with 1-km spatial resolu-
tion and an additional parent domain of 27 km. Additional downscaling to 1 km will
help determine the ideal spatial resolution for resolving extreme precipitation. The ad-

ditional parent domain of 27 km would be used to determine the influence of directly
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downscaling from ERA5 to 9 km parent domain, similar to the tests ran in Wang et al.
(2021). This may improve the spatial positioning of the AR in the 3 km simulations,
reducing the overall bias we observed.

Our results suggest the importance of fine spatial resolution (3 km or less) in
the representation of extreme orographic precipitation during winter HMA AR events.
While it is difficult to specifically choose one specific parameterization scheme, it ap-
pears that the parameterizations defined in Norris et al. (2015), used to generate the
36 years of 6.7 km WRF data, and is used in this study as our reference 3 km WRF
simulation improves model performance when simulating extreme winter orographic
precipitation during HMA ARs (Norris et al., 2018). These findings highlight the im-
portance of better-resolved fine scale simulations in capturing AR-related precipitation
extremes. While coarse scale simulations and reanalysis are able to accurately capture
the broad synoptic patterns and the filamentary IVT features related to HMA ARs, the
fine-scale spatial features specific to terrain-locked, quasi-stationary ARs are limited to
higher-resolution simulations. This is relevant for uncovering the impact of ARs on
natural hazards, such as the three landslides that occurred within the 90 hours of this
AR. Finer-scale resolution simulations are necessary to capture the extreme orographic
precipitation that trigger landslides in HMA. It is also important to accurately simulate
these precipitation extremes related to ARs, even when they are not associated with
natural hazards, because, as shown in this February 2010 AR event and the January
2002 event (Nash, Jones, et al., 2022), a single AR can contribute up to almost a quar-
ter of the total seasonal precipitation in HMA, having long-lasting impacts on water
availability. In the future, high-resolution mesoscale simulations have the potential
to provide specific projections of extreme precipitation from short-term forecasting to

seasonal outlooks that impacts water-related adaptation policies.
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Chapter 6

Conclusions

D.L. NASH

6.1 Summary

Atmospheric Rivers (ARs) are a synoptic scale global phenomenon that impact local
precipitation regimes where they occur and are associated with precipitation-related
hazards such as floods, lightning, and landslides (Dettinger, 2011; Gorodetskaya et al.,
2014; Guan et al., 2010; Lavers et al., 2011; Lavers & Villarini, 2013; Nash et al.,
2021; Nash & Carvalho, 2020; Nash et al., 2018; Neiman et al., 2008; Ralph et al.,
2006; Thapa et al., 2018; Wernli & Papritz, 2018; Yang et al., 2018). In High Mountain
Asia (HMA) the complex precipitation regimes provide water resources for millions of
people and can simultaneously result in hazardous conditions such as lightning, floods,
and landslides. This dissertation demonstrates that ARs are critical to understanding
precipitation regimes in HMA. By increasing our understanding of the synoptic scale,
mesoscale, and thermodynamic of HMA ARs, we can potentially improve precipita-
tion forecasts, potentially decreasing damages to infrastructure, displaced populations,

and fatalities during hazardous events and increasing understanding of local water re-
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sources. This dissertation contributes insight on the interconnected relationship
between inland penetrating orographic ARs, the HMA hydroclimate, and their
relationship with precipitation-related hazards using the following research ob-

jectives:

1. Examine synoptic and mesoscale features of a unique AR event in Santa Barbara,
CA during March 2019 that resulted in over 8,000 lightning flashes in the south-

ern California region in under 24 hours (Chapter 2).

2. Investigate the regional climatology of ARs that reach HMA to understand their
synoptic scale characteristics, impact on large-scale precipitation, and how cli-
mate modes such as ENSO, AO, and SH influence HMA AR frequency and broader

circulation patterns (Chapter 3).

3. Contrast the thermodynamic and mesoscale characteristics of two impactful AR
events using 20 km and 6.7 km WRF simulations created by Norris et al. (2018)
to determine the primary mechanisms of ARs associated with extreme orographic

precipitation and lightning (Chapter 4).

4. Evaluate the ability of multiple high-resolution WRF simulations to capture the
spatial and temporal patterns of extreme precipitation associated with a partic-
ularly intense AR associated with multiple landslides in western HMA (Chapter

5).

6.2 Key Results

Chapter 2 describes the synoptic and thermodynamic conditions of an AR event

that occurred in Santa Barbara, CA in March 2019 and resulted in over 8,000 lightning
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flashes in under 24 hours. Despite low levels of convective available potential energy
(CAPE), hail and electrification resulted from orographically forcing the above-average
water vapor in the AR in a convectively unstable atmosphere above the freezing level.
This case study provided a foundation for analysis for Chapter 4, where we contrast two
HMA ARs with differing freezing levels that were associated with lightning, landslides,
and extreme orographic precipitation.

Chapter 3 develops a climatology of ARs that spend a significant portion of their
lifecycle crossing Southwest Asia and reach the complex topography before they pre-
cipitate out. Despite their low IVT content (usually less than 200 kg m™! s'), HMA ARs
contribute between 40-60% of total winter and spring precipitation in areas with an
elevation greater than 1 km. We classified three distinct HMA AR types with unique
circulation and precipitation patterns using combined empirical orthogonal function
analysis (cEOF) and k-means clustering analysis. Synoptic composites revealed that
each HMA AR type results in above-average precipitation in Northwestern, Western,
and Eastern HMA, giving each of them their respective names. During Western HMA
ARs, an anticyclonic circulation center over the Arabian Sea transports water vapor
poleward and increases precipitation Western Himalayas and the Karakoram. North-
western HMA ARs are characterized by a tilted trough axis and increased IVT that
reaches as far as 40°N that increases precipitation in the Hindu Kush and the Pamirs.
Roughly a quarter of the time, a Northwestern HMA AR will transition to a Western
HMA AR, increasing precipitation in both regions. Eastern HMA ARs are associated
with southwesterly moisture flux across the Bay of Bengal that results in above-average
precipitation in Eastern Himalaya. Additionally, this research found that Western and
Northwestern HMA AR frequency increases during El Nifio conditions and positive Arc-
tic Oscillation conditions.

Chapter 4 used 36 years of dynamically downscaled reanalysis (6.7 km spatial res-
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olution, 3-hourly temporal resolution) to evaluate the mesoscale conditions during the
three HMA AR types. Trend analysis revealed that, during ARs, the height of the freez-
ing level and magnitude of IVT has increased significantly since 1979 across HMA.
We found a significant decrease in the fraction of frozen precipitation during AR days
of above-average freezing level compared to AR days of below-average freezing level.
To investigate this relationship further, we contrasted the mesoscale conditions of two
impactful Northwestern-transitioned-to-Western HMA ARs - one that occurred with an
above-average freezing level height and one with a below-average freezing level height.
We found that the synoptic placement of the upper level trough and lower level anti-
cyclonic circulation is critical to orientation of the AR axis relative to the topography.
Western HMA ARs with more southwesterly flow are more likely to get terrain-locked
in the western HMA notch, resulting in higher amounts of orographic precipitation,
while ARs with more zonal flow will result in less extreme precipitation. Similar to the
results in Chapter 2, the AR with the below-average freezing level height had a much
higher lightning flash frequency. Further conclusions on the relationship between light-
ning and HMA ARs will be delayed until more accurate lightning data can be provided.
This work also emphasizes the role of the height of the freezing level during HMA ARs
in the contribution to frozen precipitation. This chapter illuminates the local impact
of these ARs on vital watersheds, precipitation-triggered landslides, and lightning in
HMA.

The final chapter of this dissertation uses High Performance Computing resources
provided by Blue Waters and Frontera supercomputers to complete multiple high-
resolution WRF simulations. We evaluate the ability of simulations with differing spa-
tial resolutions and physics parameterizations to resolve the features of extreme precip-
itation and IVT during a Western HMA AR that was associated with multiple landslides

in February 2010. We validated Norris’ 6.7 km WRF model data, 3 km WRF model
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data (using same physics parameterizations as Norris et al. (2018)), 3 km WRF simu-
lations with a difference microphysics scheme, and 3 km simulations with a different
land surface model against precipitation provided by NASA’s Integrated Multi-satellitE
Retrievals for GPM. We find that the finer-resolution dynamical simulations (3 km) im-
proves the representation of the orographic precipitation in complex terrain by 75%
compared to the course-scale (6.7 km) simulations. We also validated IVT against the
ERAS reanalysis and found that a reconfiguration of the WRF domains (e.g., adding
a 27 km parent domain and including spectral nudging) for the 3 km simulation is
needed to keep low-level moisture circulation fields closer to the reanalysis. This chap-
ter justifies the need for further and future downscaling of HMA ARs to improve our

understanding of their impact on precipitation extremes.

6.3 Suggestions for future work

There are three types of HMA ARs that contribute roughly 40-60% of total win-
ter and spring precipitation in Western, Northwestern, and Eastern HMA, respectively
(Nash et al., 2021). While a little over half of the annual precipitation in HMA comes
from winter and spring extratropical cyclones, just a few of those co-occurring with
impactful ARs can contribute significantly to those totals (Cannon et al., 2015; Hunt
et al., 2018; Nash et al., 2021, 2022; Norris et al., 2018). We show that the fraction of
frozen precipitation is significantly lower during AR days with an above-average freez-
ing level, and both water vapor transport and the height of the zero degree isotherm
during HMA ARs has significantly increased since 1979. This illuminates the need for
future work investigating the influence of the 0°C isotherm during AR events. We also
found that in HMA, the orientation of the AR relative to topography plays a more im-

portant role in AR precipitation totals than IVT content. This has unique implications
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for the future development of an AR-risk categorization, similar to that in Ralph et al.
(2019), emphasizing the importance of AR direction and local topography. We needed
finer-scale simulations to accurately represent extreme orographic precipitation during
HMA ARs, highlighting the importance of dynamical downscaling for future forecasting
efforts. This dissertation increased the overall understanding of AR impacts in HMA -
however, this is just the beginning of our understanding of the complex relationship be-
tween HMA and ARs. Further work will improve forecasts for precipitation and natural
hazards in a region vulnerable to changes in a warming climate. Future and ongoing

research efforts regarding HMA ARs include the following:

1. Investigate the relationship between ARs and lightning on a global scale using
data from the Geostationary Lightning Mapper (GLM) on the National Oceanic
and Atmospheric Administration’s (NOAA) Geostationary Operational Environ-
mental Satellite version 16 (GOES-16). Because this satellite is geostationary, the
extent does not cover HMA. However, further work could be done to illustrate the

relationship between ARs and lightning.

2. Using the synoptic conditions of the HMA AR subtypes identified in Chapter
3, develop a probabilistic forecast model of HMA ARs that could be used for
subseasonal-to-seasonal predictions of AR frequency in HMA. Gibson et al. (2020)
used a similar framework in S2S predictions of ARs and drought conditions in the

western US, and would be useful in HMA.

3. Further investigation into the land-sea interaction of air parcels within HMA ARs
would be useful in determining the moisture sourcing for the ARs and improve

understanding of evaporation contribution vs. tropical moisture exports.

4. As suggested in Chapter 5, additional parameterization tests and further down-
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scaling (e.g., 1 km spatial resolution) could support the conclusions that down-
scaling is important to resolving extreme maxima of AR-related precipitation and

determine the influence of finer-scale simulations on these features.

5. The framework developed in Chapter 5 could be applied to the mesoscale anal-
ysis and AR case studies completed in Chapter 4, to resolve fine-scale features
such as localized orographically forced vertical motion and further illustrate the

differences between hazardous and beneficial HMA ARs.
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Chapter 2 Appendix

A.1 Calculation of IVT for CFSv2

Integrated water vapor transport (IVT), a variable widely used for the detection and
identification of ARs (e.g. (Dettinger et al., 2015; Guan & Waliser, 2015; Ralph et al.,
2019)) is derived from specific humidity and wind fields at 17 pressure levels between
1,000 and 300 hPa inclusive from the CFSv2 operational analysis. IVT is calculated in
the zonal (x) and meridional (y) direction using the following equations:

300
VT, = ——/ uqdp (A.D)
9 J1000

300
T, = ——/ vqdp (A.2)
1

g J1000

where g is the gravitational acceleration, u is zonal wind, v is meridional wind, q is
specific humidity, p is pressure, and the column integration is between pressure levels
1000 and 300 hPa inclusive.

A.2 Supplemental Material
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Figure A.1: CFSv2 250 hPa winds (barbs, knots), 250 hPa wind magnitude (shaded;
m s1) and 250 hPa geopotential height (white contours; m) at 6-hourly timesteps
between 4 March 2019 18 UTC and 6 March 2019 18 UTC.
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Figure A.2: (a) CFSv2 IVT (red line; kg m™! s'1) and IWV (blue line; mm) at the grid
cell closest to Santa Barbara (34.5°N, 119.5°W) at each 6-hour time step between 4
March 2019 18 UTC and 6 March 2019 18 UTC. The minimum thresholds for the
location to be considered part of an AR event are indicated by the dotted lines. (b)
Mean IVT of the AR objects that made landfall in Santa Barbara in all the months
(blue lines) and only March (grey lines) between January 1980 and May 2019 based
on the AR Catalog from Guan and Waliser (2015). The mean IVT for the AR Event on
March 5 is shown by the red solid line. The means of the distributions are shown in
the dotted line. (c) Same as (b) but for direction of mean IVT propagation (azimuth
is 0°f IVT is directed to the north). (d) Same as (b) but for the height of the 0°C
Isotherm (m) interpolated from MERRA2 temperature and geopotential height.
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Figure A.3: Figure S3. CFSv2 850 hPa Equivalent Potential Temperature (shaded; K),
850 hPa winds (barbs; knots), and IVT greater than 250 kg m! s™' (white contours;
every 250 kg m'! s71) for each 6-hour time step between 4 March 2019 18 UTC and 6
March 2019 18 UTC.
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Figure A.4: (left panel) Skew(t) - log(p) vertical profile of CFSv2 temperature (red
line) and dew point (green line) at the grid cell with the highest flash density (per
6 hours); (right top panel) CFSv2 CAPE (shaded, J kg'') and MSLP (black dashed
contours; hPa) with the location of the highest flash density indicated by the red dot;
(right bottom panel) CFSv2 Equivalent Potential Temperature (blue line; K) at the grid
cell with the highest flash density for each 6-hour time step between (a) 4 March 2019
18 UTC and (i) 6 March 2019 18 UTC.
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GOES-17 ABI L2+ Cloud and Moisture Imagery brightness temperature (Band 13, 10.33um) on 2019-03-06T04:24:57.3Z
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Figure A.5: Infrared brightness temperatures (shaded, °C) derived from band 13
of the GOES17 ABI L2 Cloud and Moisture Imagery Brightness Temperature at 6
March 2019 4:24 UTC. Detailed infrared brightness temperatures around Santa Bar-
bara (outlined in red) are shown in the top left area of the map. Locations of NOAA
NEXRAD L3 Hail Signatures (black points) identified between 4:15 UTC and 4:45 UTC
on 6 March 2019 are shown on the inset map.
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Figure A.7: GOES ABI L2 ACHC cloud top height (shaded; m) and the location of
the majority of lightning flash points (red polygon) at each 6-hour time step between
4 March 2019 18 UTC and 6 March 2019 18 UTC.
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Figure A.8: CFSv2 height of 0°isotherm (shaded; m) and the location of the majority
of lightning flash points (red polygon) at each 6-hour time step between 4 March
2019 18 UTC and 6 March 2019 18 UTC.
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B.1 cEOF Analysis

For each of the ARs within DJFMAM, ERA5 meridional and zonal integrated water
vapor transport (IVT) were subset to 20°E to 100°E and 10°N to 50°N. Next, the mean
annual cycle (computed using the first two harmonics) of the atmospheric fields were
subtracted, each grid cell was weighted by the square root of the cosine of the latitude,
and the long-term mean was removed from the data. Variables were normalized by
the standard deviation in space and time. This standardization transformed the 3-
dimensional data into non-dimensional data with a standard deviation of one, which
is necessary in cEOF for variables with different units. The data were then reshaped
into a rectangular matrix Z, with dimensions of 3NM x n, where N and M are the
numbers of grid points in the X and Y directions, m is the total number of grid points
(i.e. m = Nx M), and n is the number of separate AR cases. The covariance matrix (R)
of Z was computed using the formula:

1
NM —1

where R is the covariance matrix, N and M are the numbers of grid points in the
X and Y directions, and Z is the nondimensional data with a standard deviation of 1.
The covariance matrix for the spatial correlations between atmospheric fields was cal-
culated from different snapshots in time (t-mode EOF), resulting in an mam covariance
matrix rather than temporal correlations between grid points (s-mode EOF), which re-
sults in an nzn covariance matrix (Compagnucci & Richman, 2008). The choice to
use t-mode EOF versus s-mode EOF (spatial versus temporal correlations) was made
to get objective comparisons between AR cases and differentiate between the different
synoptic types of ARs in HMA. For more discussion on t-mode versus s-mode EOF, see
Compagnucci and Richman (2008) and Mercer et al. (2012). Eigenvector decomposi-
tion (V) of the covariance matrix, R, was calculated giving the time coefficients for the
data. Spatial loadings (cEOFs) were extracted by matrix multiplying the standardized,

R = ZrZ (B.1)
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non-dimensional data (Z) by the eigenvectors (V).

B.2 K-means cluster Analysis

K-means clustering is a form of iterative, unsupervised learning that classifies the
data without having been previously trained (Wilks, 2019a). First, the number of clus-
ters (k) is specified by the user and the algorithm randomly places cluster centers or
centroids among the data points. Then each data point is assigned to the closest cluster
by calculating its Euclidean distance with respect to each centroid. Once each data
point is assigned to a cluster, then new centroids are calculated by computing the av-
erage of the data points assigned to that cluster. The data points are then reassigned
to clusters based on the new centroid locations, and new centroid locations are deter-
mined. This process repeats until the data points are no longer assigned to a different
cluster. The number of clusters is a subjective choice, so for this analysis, we tested
k=2 through k=15 and chose the level of clustering that maximized covariance within
clusters and minimized covariance between clusters. To determine the number of clus-
ters that maximized covariance within clusters, we visually inspected the kernel density
function of the first two cEOFs to identify potential maxima prior to k-means analysis.
Silhouette scores were reiteratively calculated for clusters k=2 through k=15 to deter-
mine the optimal number of clusters that minimized covariance between clusters. The
mean silhouette score describes how close each point in one cluster is to points in the
other clusters, with a score of 1 indicating that the points in the cluster are far away
from the other clusters (Wilks, 2019a). Last, we also visually inspected the resulting
cluster synoptic composite maps to confirm that the choice in the number of clusters
minimized covariance between clusters and maximized covariance within clusters.

B.3 Z-score Tests

To test the differences in the proportion of the different types of ARs between the
positive, negative, and neutral conditions of climate modes, we test the difference in
two population proportions using z-scores (Spiegel & Stephens, 2008). For example,
we test the differences in the proportion of the frequency of Eastern HMA ARs that are
El Nifio and the frequency of Eastern HMA ARs that are La Nifia). The null hypothesis
is that the proportion of sample 1 (Eastern HMA ARs during El Nifio) is equal to the
proportion of sample 2 (Eastern HMA ARs during La Nifia).

(p1 —p2) — 0

7 —
VO —pE+2)

(B.2)

and
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Yi+Y,
ni + neo

p= (B.3)

where n; and ny are the total number of observations in each sample (e.g., n;
= total number of days that are considered El Nifio during DJFMAM between 1979-
2019), Y] is the number of the days considered Eastern HMA ARs and El Nifio, Y5 is the
number of days considered Eastern HMA ARs and La Nifia, p; is the proportion of the
sample 1 days to the number of days that are El Nifio in DJFMAM between 1979-2019.
po is the proportion of the sample 2 days to the number of days that are La Nifia in
DJFMAM between 1979-2019.

To test the difference of the means of the circulation and moisture variables, we
used the z-score to test the null hypothesis that the sample means of sample 1 and
sample 2 are equal (Spiegel & Stephens, 2008; Wilks, 2019b). For example, sample 1
are the days in which there is an Eastern HMA AR with El Nifio conditions, and sample
2 are the days in which there is an Eastern HMA AR with La Nifia conditions. We
used the z-score given by the following equations to test the null hypothesis at 95%
significance level:

OX1-Xx2
and
o2 o2
OX1-X2 = n—i + n—z (B.5)

where X; and X, are the sample means, o, and o, are the sample standard devia-
tions, and n, and n, are the total number of observations in each sample.

B.4 Supplemental Material
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Figure B.1: The average seasonal (DJF - left and MAM - right) precipitation totals
(shaded; mm season!) for APHRODITE (top row), IMERG-PM (middle row), and
ERAS (bottom row) data sources between December 2000 and March 2015.
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Figure B.2: The seasonal (DJF - left and MAM - right) AR precipitation fraction
(shaded, %) for APHRODITE (top row), IMERG-PM (middle row), and ERA5 (bot-
tom row) data sources between December 2000 and March 2015.
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Figure B.3: The standard deviation (DJF - left and MAM - right) of precipitation
during AR days (shaded; mm) for APHRODITE (top row), IMERG-PM (middle row),
and ERA5 (bottom row) data sources between December 2000 and March 2015.
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Figure B.4: (a) Frequency of the different AR Types during each month in DJFMAM.
(b) Average IVT (kg m™! s'1) within ARs during Western HMA ARs (Type 1), North-
western HMA ARs (Type 2), and Eastern HMA ARs (Type 3). The box extends from
lower to upper quartiles of the data with a black line at the median and white dotted
line at the mean. The whiskers show the range of the data and outliers are shown as
points past the end of the whiskers. (c) The same as (b) but for weighted, area-aver-
aged precipitation (mm event ) within a bounding box near where we see above-av-
erage precipitation for each AR Type (e.g. Type 1: Western HMA ARs (71-79°E,
32-37°N); Type 2: Northwestern HMA ARs (66-74°E, 37-40°N); Type 3: Eastern HMA
ARs (90-100°E, 24-30°N).
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Figure B.5: Lead 2 DJFMAM average anomaly composites of (left column) IVT
(shaded, contours, kg m™! s1), (middle column) 250 hPa wind speeds (shaded and
vectors; m s'1) and 250 hPa geopotential height (contours; dam), and (right column)
precipitation (shaded; mm day') for Western HMA ARs (Type 1, first row), North-
western HMA ARs (Type 2, second row), and Eastern HMA ARs (Type 3, third row).
Only values that are considered statistically significant at the 95% confidence interval
are shaded.
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Figure B.6: Lag 2 DJFMAM average anomaly composites of (left column) IVT
(shaded, contours, kg m™! s1), (middle column) 250 hPa wind speeds (shaded and
vectors; m s'1) and 250 hPa geopotential height (contours; dam), and (right column)
precipitation (shaded; mm day') for Western HMA ARs (Type 1, first row), North-
western HMA ARs (Type 2, second row), and Eastern HMA ARs (Type 3, third row).
Only values that are considered statistically significant at the 95% confidence interval
are shaded.
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Figure B.7: Composites of 250 hPa geopotential height (shaded, contours, m) and
winds (vectors, m s!) for all days in DJFMAM between 1979 and 2019 for (a) El
Nino, (b) La Nina, (c) AO+, (d) AO-, (e) SH+, and (f) SH- conditions.
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Figure B.8: (a) Average IVT anomalies within ARs during Western HMA ARs (Type 1),
Northwestern HMA ARs (Type 2), and Eastern HMA ARs (Type 3). The box extends
from lower to upper quartiles of the data with a black line at the median and white
dotted line at the mean. The whiskers show the range of the data and outliers are
shown as points past the end of the whiskers. (b) The same as (a) but broken down
by ENSO negative (blue), neutral (grey), and positive (red) conditions. (c) The same
as (b) but for AO. (d) The same as (b) but for SH.

201



Chapter 3 Appendix Chapter B

Western HMA AR

>
P

Z o e a N A
£e oy P it b SR
,,,,,,,,,,,

......

[+ 4
<
<
S
T
c
I~
9]
=
w
]
2
£
<] = v v~
R N Py VAR v NN NN EA T o %)) | DU VA o S AN SIS L/ R B O I e
q
R i) .- R
50N gy A s e ] Y L Oy T T T R (,), qp P \‘*\
....... Nt c A o - <~ aoen
4 ’7  x N
:.m*N ..... 7 A e L &R . W
111t v
% tttto s
30°N I ) e RN Ny A
€ [ VAR VAN s
9 TR/ Vs, NN IR IR 0°N
0 20°N BN (SUEEEREN) ” ) -
S e AN e Nl PN [ 2 AT ANANNQA NNl Y/ 7
. . N IS S BN o~ - - -
10°N - B T e~ e - NN NS = r VPO ¥/ LI S
Mo e ode - A s PR PN ~ N g LA | Qv S NANNNNSNNE e -

30°E 40°E 50°E 60°E 70°E 80°E 90°E 100°E 30°E 40°E 50°E 60°E 70°E 80°E 90°E 100°E 70°E 80°E 90°E 100°E

— 20kgm-!s! — 10ms! — am

-80 -60 -40 -20 O 20 40 60 80 -60 -45 -30 -15 O 15 30 45 60 -4 -2 0 2 4
IVT (kg m~1s71) geopotential height (m) precipitation (mm day~1)

Figure B.9: (a) Composite differences of IVT (shaded and vectors, kg m™ s1) for
Western HMA ARs (Type 1) MJO and non-MJO conditions. Only differences in IVT
that are considered at or above the 95% confidence level are shaded. (b) Same as (a)
but for Northwestern ARs (Type 2). (c¢) Same as (a) but for Eastern HMA ARs (Type
3). (d) Composite differences of 250 hPa geopotential heights (shaded and contours,
m) and winds (vectors, m s'!) between HMA AR days for Western HMA ARs (Type
1) MJO and non-MJO conditions based on ERA5 for 1979-2019. Only differences
in heights that are considered at or above the 95% confidence level are shaded. (e)
Same as (d) but for Nortwestern HMA ARs (Type 2). (f) Same as (d) but for Eastern
HMA ARs (Type 3). (g) Composite differences of precipitation (shaded, mm day!)
and 500 hPa wind direction (vectors, m s™') for Western HMA ARs (Type 1) MJO and
non-MJO conditions. (h) Same as (g) but for Northwestern HMA ARs (Type 2). (i)
Same as (g) but for Eastern HMA ARs (Type 3). The thick black contours in all plots
are showing the mean anomaly composite rainfall (mm day™') for their respective AR
Type with intervals at 2 mm day!, 6 mm day, and 10 mm day'.
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Appendix C
Chapter 4 Appendix

C.1 Calculation of IVT for WRF

Integrated water vapor transport (IVT), a variable widely used for the detection
and identification of ARs (e.g. (Guan & Waliser, 2015; Ralph et al., 2019)) is derived
from specific humidity and wind fields at 20 pressure levels between 1,000 and 250
hPa inclusive from the WRF 20 km and 6.7 km output. IVT is calculated in the zonal
(x) and meridional (y) direction using the following equations:

1 [300

VT, = ——/ uqdp (C.1)
9 J1000
1 [300

VI, = —— / vgdp (C.2)
g J1000

where g is the gravitational acceleration (m s2), u is zonal wind (m s), v is merid-
ional wind (m s), q is specific humidity (kg kg), p is pressure (Pa = kg m™ s2), and
the column integration is between pressure levels 1000 and 250 hPa inclusive.

The magnitude of IVT is calculated using the following equation:

IVT =\ [IVT? + IV (C.3)
Specific humidity (kg kg ) is derived from water vapor mixing ratio (kg kg 1) using

the formula from Wallace and Hobbs (2006) where q is specific humidity and w is the
water vapor mixing ratio.

Q=7 (C.4)
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