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Abstract Atmospheric rivers (ARs) are an important concern in regional water management;
however, little is known about the AR impacts on hydrology in East Asia (EA). This study analyzes the
characteristics of storms, precipitation (P), streamflow (Q), and runoff coefficient (R) in the Namgang-
dam basin in Korea related to ARs for 2000-2013, as well as the sensitivity of the analysis results to

AR detection methods, using observed P, Q, and three different AR inventories. The basin experiences
37.3 storms annually, of which 54% are AR storms that provide over 60% of the annual P and Q. The

AR (non-AR) storms are dominant in storm frequency and the storm-total P and Q for January-July
(August-December) with peaks in July (August). The monthly AR frequency varies closely with the
seasonal variations in the EA monsoon and the North Pacific storm track which modulate the number
of extratropical cyclones. The AR storms produce most of the extreme events; they also generate larger
storm-mean P and Q than the non-AR storms for all months. The seasonal variations in R are related to
the total (AR- and non-AR storms combined) P through the seasonal soil water variations, making the
AR effects on R unclear. Considering 95% confidence intervals, the AR storms are distinguished well from
the non-AR storms in storm frequency and the storm-total and storm-mean P and Q. The sensitivity to
AR inventories is not critical in quantifying the AR-storm characteristics and their impacts on hydrologic
variables except for R.

1. Introduction

Atmospheric rivers (ARs) not only play an important role in shaping the global water cycle through pole-
ward atmospheric water-vapor transports (Guan & Waliser, 2015; Nash et al., 2018; Schneider et al., 2005;
Trenberth & Stepaniak, 2003; Zhang et al., 2019; Zhu & Newell, 1998) but also critically affect the hydrology
in the AR landfall regions (Guan et al., 2016; Kamae, Meix, Xie, Naoi, & Ueda, 2017; Kim et al., 2013, 2021;
Ralph et al., 2004, 2006; Rutz et al., 2019; Slinskey et al., 2020). AR activities vary seasonally and geograph-
ically with the highest AR activities occurring over the mid-latitude oceans and their coastal regions where
large populations and industries reside. Because of their close relationship to extreme precipitation (P)
and streamflow (Q) that often cause flooding, ARs have become a key concern to water managers world-
wide for water resources, flood prevention, and emergency responses (Corringham et al., 2019; Dettinger
et al., 2011; Guan et al., 2010; Kamae, Meix, Xie, Naoi, & Ueda, 2017; Kim et al., 2018, 2021; Lavers & Vil-
larini, 2013a, 2013b; Lu et al., 2013; Neiman et al., 2008; Ralph et al., 2006; Waliser & Guan, 2017; among
others). Most of the existing AR studies analyzed ARs and their hydrological impacts in the west coast
regions of western North America (WNA) and Western Europe (WEU) during winter (Bartusek et al., 2021;
Behrangi et al., 2016; Huning et al., 2017; Kim et al., 2013, 2018; Lamjiri et al., 2017; Lavers & Villar-
ini, 2013b; Leung & Qian, 2009; Mo et al., 2019; Neiman et al., 2008; Ralph et al., 2004; and many more as
reviewed in Rutz et al., 2020). A smaller number of studies analyzed the AR effects on Q, primarily for WNA
and WEU as well (e.g., Albano et al., 2019; Demaria et al., 2017; Dettinger et al., 2011; Guan et al., 2016;
Hu et al., 2017; Ionita et al., 2020; Neiman et al., 2011; Sharma & Déry, 2020a; Young et al., 2017). Ralph
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et al. (2006) showed that AR landfalls are related to all seven floods in the Russian River basin in north-
ern California for 1997-2006. Lavers and Villarini (2013a) found that ARs are linked to the top 10 annual
maximum Q in 660 US watersheds. Konrad and Dettinger (2017) found that Q is directly affected by the
water-vapor flux magnitudes so that ARs play an important role in generating floods. Lavers et al. (2011)
showed that ARs also affect flood risks in the United Kingdom and WEU. Paltan et al. (2017) estimated that
ARs contribute to 22% of the global Q with large regional differences. AR effects on regional hydrology also
depend on the season of AR activities. Demaria et al. (2017) and Sharma & Dery (2020a) found that AR-in-
duced Q is modulated by snow in high-elevation basins in WNA because ARs mainly affect WNA in winter.
In a regional modeling study, Chen et al. (2019) also showed that ARs affect Q in WNA not only by P but
also by the snow and the antecedent soil water content (SWC).

Because ARs occur mostly in the warm conveyor belt of extratropical cyclones (ETCs) (Guo et al., 2020;
Zhang et al., 2019), ARs are expected to affect not only WNA and WEU but also other regions during the
seasons of strong ETC activities. Progresses in objective identification of ARs using gridded atmospher-
ic data have facilitated analyzing ARs and their hydrological impacts in regions around the world other
than WNA and WEU (Blamey et al., 2018; Bozkurt et al., 2021; Esfandiari & Lashkari, 2020; Gorodet-
skaya et al., 2014; Kamae, Mei, & Xie, et al., 2017; Kamae, Mei, Xie, Naoi, & Ueda, 2017; Kim et al., 2021;
Mahoney et al., 2016; Moore et al., 2012; Massoud et al., 2020; Mundhenk et al., 2016; Park et al., 2021a;
Ramos et al., 2015, 2018; Sharma & Déry, 2020b; Stohl et al., 2008; Viale et al., 2018; Ye et al., 2020). For
East Asia (EA), previous studies (Kamae, Mei, Xie, Naoi, & Ueda, 2017; Kim et al., 2021; Park et al., 2021a)
related the seasonal cycle of the AR frequency to the seasonal variations of the large-scale circulation and
related ETC activities around Korea and EA as ETC activities over EA substantially increase in spring and
early summer, the period of the northward march of the EA monsoon rainfall, then rapidly decrease from
July to August (Kang et al., 2018; Kang & Son, 2021). Kamae, Mei, and Xie et al. (2017); Kamae, Mei, Xie,
Naoi, and Udea. (2017); Kim et al. (2021), and Park et al. (2021a) showed that ARs affect the mid-latitude
EA region, most strongly in the wet warm season from June to September, accounting for 14%-44% of P
and 20%-90% of extreme P events with south Korea and Japan being the hot spots of AR-induced heavy
P. Moon et al. (2019) showed that AR landfalls are related to the majority of intense summer P events in
Korea. Complex terrain is known to induce large P variability (Ko et al., 2018) and rapid response of Q to P
(Park & Singh, 1996) in Korea. Hence, ARs also likely affect the occurrence of high Q events in mountainous
watersheds in Korea.

The methods for detecting ARs are among the key sources of uncertainties in analyzing the AR effects
on regional hydrology. Currently, a number of researchers developed AR inventories based on different
detection schemes, often to suit specific applications or regions (e.g., Gershunov et al., 2017; Guan & Walis-
er, 2015; Kamae, Mei, Xie, Naoi, & Ueda, 2017; Lavers et al., 2012; among others). A comprehensive review
of a number of existing detection schemes is provided in Rutz et al. (2019). These schemes are formulated
using their own unique AR-detection criteria such as shape factors and other conditions. In addition, dif-
ferent reanalysis data are used to derive different inventories (e.g., Guan & Waliser, 2017; Guan et al., 2018;
Huning et al., 2019; Ralph et al., 2019). Wide variations in detection schemes and reanalysis data introduce
differences among these inventories. From an intercomparison of over 20 AR inventories, Rutz et al. (2019)
found that different AR detection schemes yield widely varying key AR characteristics such as frequency,
duration, and seasonality. Because identification of the best AR detection methods and/or inventories is im-
possible, it is important to estimate the uncertainty due to the differences among available AR inventories in
quantifying the AR characteristics and their impacts on regional hydrology (Shields et al., 2018).

Despite its importance in water resources and flood prevention, the impact of ARs on the P and Q in EA
and Korea remains largely unexplored. Despite a few studies analyzed ARs and their impacts on P in EA,
the relationship between ARs and basin-scale Q in EA has not been explored. This study analyzes the cli-
matology of the AR-related P and Q in the Namgang-dam basin, an unmanaged headwater of the Nack-
dong-river which is the second largest river in Korea with a history of frequent flooding (Kim et al., 2020;
Ryu et al., 2017). Because the basin and its downstream regions support large populations and industries,
the effects of ARs on P and Q in the basin are of great concern in water management for water resources
and flood prevention. This paper is organized as follows. Section 2 presents the experiment and the AR

RYU ET AL.

20f 17



| Y d N |
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR030058

127"3;0'0"E 127°4lO'O"E 127°5I0'0"E 128’9‘0"E 128‘1]0'0"E

® AWS (11)
® WAMIS

[35°40'0"N
35°40'0"N-

[35°30'0"N
35°30'0"N

[F35°20'0"N
35°20'0"N+

F35°10'0"N

.‘! 35°10'0"N-

F35°0'0"N

T T T T T
127°30'0"E 127°40'0"E 127°50'0"E 128°0'0"E 128°10'0"E

Figure 1. The location of the Namgang-dam basin in Korea (the red area in the box on the left). The blue lines indicate the channels within the basin. The
black dots and the red dot in the right-hand side figure are the locations of automatic weather stations and hydrograph, respectively, within the Namgang-dam

basin.

inventories and observed data employed in this study. Section 3 presents the results from the analyses and
Section 4 summarizes the results and provides additional discussions.

2. Site, Materials, and Methods

The Namgang-dam basin covers an area of 2,281.7 km? with a mean elevation of 247.6 m above sea level
(Figure 1). The Special Sensor Microwave Imager/Sounder precipitable water vapor image, vertically inte-
grated water vapor transport (IVT), and the AR locations depicted in the three inventories used in this study
on June 18, 2013, are shown in Figure 2 for an example of an AR that affected the basin. The basin receives
an annual-mean P of 1,584.2 mm, about 1.2 times of the annual-mean P in Korea (1,274 mm), most of it in
summer and early fall (June-September) when the region is affected by the EA monsoon, tropical cyclones
(TCs) and thunderstorms (TSs). The climatological annual Q in the basin is 0.102 mm h~' (893.5 mm year!)
with the peak flow and the standard deviation of 12.4 and 7.8 mm h~1, respectively. All peak flow events
occurred in summer except during the three strong TCs in the September of 2003 (typhoon MAEMI), 2007
(typhoon NARI), and 2011 (typhoon SANBA). The basin is natural, that is, not artificially controlled by
dams, levees, and/or aqueducts.

Hourly P at 11 automatic weather stations (AWSs) of Korea Meteorological Administration (black circles
in Figure 1) in the basin (available at: data.kma.go.kr) and the hourly Q at the Namgang-dam inlet point
(red square in Figure 1) from the Water Resources Management Information System (WAMIS: available at
www.wamis.go.kr) are used in this study. The analysis covers the 14-year period 2000-2013, the maximum
overlapping period of the three AR inventories employed in this study. Quality control of the P and Q data is
performed by KMA and WAMIS, respectively. The basin-mean P is calculated from the AWS data using the
Thiessen method; the results using the basin-mean P from simple averaging of the AWS data are essentially
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Figure 2. An atmospheric river (AR) landfall in southern Korea coast at
00UTC on June 18, 2013: (a) Precipitable water vapor (from ftp://ftp.ssec.
wisc.edu/pub/mimic-tpw/images/wpac/), (b) Vertically integrated water
vapor transport in the ERA-Interim reanalysis, and (c) The corresponding
AR shapes in the three inventories.

identical to those reported in this study. For a more intuitive comparison
between P and Q, the Q values are converted from m? s~! to mm h~, the
units of P, by dividing the Q values (originally in m3 s7!) by the basin area
(in m?) and with appropriate unit conversions.

Unlike most of the previous studies that analyzed ARs and their effects
based on the instantaneous relationship between the presence of AR and
P at fixed time intervals, either daily or 6-h (e.g., Dettinger et al., 2011; Ka-
mae, Mei, & Xie, 2017; Kim et al., 2013, 2018, 2021; Neiman et al., 2008;
Ralph et al., 2006; and many more), this study analyzes P and Q on the
basis of storm events (e.g., Chen et al., 2019; Lamjiri et al., 2017) to better
capture the time- and basin-integrated effects of P on Q. The storm-based
analysis is directly applicable to water management operations for plan-
ning and designing storm-water handling structures for protecting the
human society and environments (Adams et al., 1986; Guo, 2001; Guo
& Adams, 1998; Guo & Baetz, 2007). In order to match the 6-h AR in-
ventories, storms are identified following Lamjiri et al. (2017) using the
6-h P time series constructed by summing 6 h P values around the corre-
sponding AR detection time. A matching 6-h Q time series is constructed
using the hourly Q in the same way. A storm is defined as an event of
consecutive 6-h periods of non-zero P over which more than 5 mm of P
is accumulated. A storm is tagged as an AR storm if ARs occur over the
basin for at least half of the storm period; if not, it is tagged as a non-AR
storm. Varying the threshold AR occurrence between 50% and 70% yields
practically the same results as reported in this study. The characteristics
of AR and related P and Q analyzed in this study are presented in Table 1.

For a multi-inventory ensemble analysis, this study employs three AR
inventories from Guan and Waliser (2015), Kamae, Mei, Xie, Naoi, and
Ueda (2017), and Park et al. (2021a) (hereafter referred to GW, KM, and
PS, respectively) to estimate the uncertainty in the analysis results related
to the differences among multiple AR inventories. The three AR invento-
ries are constructed by applying detection schemes based on IVT at 6-h in-
tervals using the European Center for Medium-Range Weather Forecasts
global reanalysis ERAS (Hersbach et al., 2020) for PS, the ERA-interim
reanalysis (Dee et al., 2011) for GW and the JRA-55 reanalysis (Kobayashi
et al., 2015) for KM. These three AR inventories have been used in a num-
ber of AR studies, from the global water-vapor transports to AR-related
regional hydrology (Guan & Waliser, 2015; Espinoza et al., 2018; Kamae,
Mei, Xie, Naoi, & Ueda, 2017; Kamae, Mei, & Xie, 2017; Kim et al., 2018;
Park et al., 2021a; Waliser & Guan, 2017). Details of the AR detection
method and its evaluation are referred to Guan and Waliser (2015), Ka-
mae, Mei, Xie, Naoi, and Udea (2017), and Park et al. (2021a). Note that
intercomparison and/or evaluation of these AR inventories and associ-
ated detection methods are not a subject of this study. A comprehensive
intercomparison of a large number of AR detection schemes is currently
carried out in community efforts such as the Atmospheric River Tracking

Method Intercomparison Project (Shields et al., 2018). The multi-inventory ensemble approach based on
storm events using observed P and Q is unique among the existing studies on the AR effects on regional
hydrology, not only for EA but also for other regions around the world.

The 95% confidence interval based on the Student's t-test is used to assess the separation of the ensem-
ble-mean properties related to the AR storms from the non-AR storms. Note that only the AR and non-AR
storms vary according to inventories because storms are defined solely by P and, thus, the mean properties
of all (AR and non-AR combined) storms are independent of AR inventories. Because only three inventories
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Table 1

Definition of Precipitation and Runoff Characteristics

Variable name

Definition Units

Storm

Storm frequency

Storm duration
Storm-mean duration
Storm-total precipitation
Storm-mean precipitation
Storm-total runoff
Storm-mean runoff

Runoff coefficient

A consecutive period of 6-h intervals with non-zero P with over 5 mm accumulated P. A storm is separated from -

its neighboring storms by a dry period of one or more 6-h intervals.

The number of storms in a month month™!
The period from the start to the end of each storm. h
The average duration of storms h storm™!
The sum of P over all storm events. mm
Storm total P divided by the number of storms mm storm~!
The sum of Q over all storm events mm
Storm total Q divided by the number of storms mm storm™
Q divided by P (R = 100*Q/P) %

are used in the analyses, the uncertainties due to the differences between the inventories may not be mean-
ingfully measured in terms of conventional estimates such as signal-to-noise ratio (Kim et al., 2015) or in-
ter-member variance. This study defines a simple uncertainty measure the “uncertainty range” (UR) as the
difference between the maximum and minimum values obtained by applying individual inventories (i.e.,
three AR inventories yield three different values) to measure the uncertainty due to the differences between
the inventories. UR is used in conjunction with the 95% confidence interval of ensemble means as a rough
estimate for if the differences between the inventories are an important concern in the analyses; if UR is
within the 95% confidence interval, the differences between the inventories are not likely a concern at the
95% significance level.

3. Results

This section analyzes the climatology of the storm properties and related P, Q, and the runoff coefficient
(R = 100*Q/P (%)) (Table 1) in terms of their association with ARs. These variables are directly related to
water resources and potential flood risks that are among the key concerns in water management such as de-
signing the flood-control infrastructure (Castro et al., 1999; Cerdan et al., 2004; Chandimala & Zubair, 2007;
Conway et al., 2009; Gottschalk & Weingartner, 1998; Lopez-Moreno et al., 2007; Sherman, 1932; Sivapalan
et al., 2005; Trigo et al., 2004).

3.1. Storm Frequency and Duration

An average of 37.3 storms year~! have occurred over the Namgang-dam basin during the 14-year period;
among them, 54% are AR storms. Frequencies of both the AR- and non-AR storms undergo clear seasonal
cycles (Figure 3a). The AR-storm frequency peaks in July and exceeds the non-AR storm frequency from
February to July while the non-AR storm frequency peaks in August and exceeds the AR storm frequency
from August to January. The seasonal variations in the AR- and non-AR storm frequency are likely related
to the seasonal cycle of the large-scale circulation over EA as discussed in Section 4. The weak AR storm
activities from October to January are related to weak ETC activities and small atmospheric water vapor
contents during the dry period. The monthly mean AR storm frequency is well outside the UR of the non-
AR storms except for February. Thus, the storm frequency difference between the AR and non-AR storms is
beyond the uncertainty related to the differences among the three AR inventories.

The annual-mean AR storm duration (33.2 h) is nearly the same as the non-AR storm duration (34.0 h)
considering that the storm-detection time step is 6 h. The monthly AR storm-mean durations are well out-
side the 95% significant range of their neighbors except during the dry period, October-January, with a
clear single-peak in August while most of the non-AR storm-mean durations are within the 95% confidence
interval of their neighboring months without clear peaks (Figures 3b and 3c). That is, the AR storms go
through a well-defined annual cycle while the non-AR storms do not. For both the AR and non-AR storms,
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Figure 3. The (a) Storm frequency and (b) Storm-mean duration of the atmospheric river (AR) (blue) and non-AR (red) storms. The bars in (a) indicates the
range of the minimum and maximum values in the estimates for individual inventories. (c) The box-whisker diagrams in (b) present the ensemble mean value
(the cross bar within a box), the minimum and maximum values based on individual inventories (the bottom and top of a box), and the 95% confidence interval
based on Student's t-tests (the whisker).

the uncertainty in the storm-mean duration due to the differences between the inventories (UR is indicated
by the top and bottom end of each box, respectively, see Figure 2c) are within the 95% confidence interval
except for the AR storms in December. Hence, the differences between the inventories are not likely critical
for estimating the storm-mean durations for both the AR and non-AR storms.

3.2. Storm Precipitation

The all-storm P in the basin (gray bars in Figure 4a) undergoes an annual cycle with the peak in July
(373.2 mm month~!) and August (374.6 mm month~1). The AR storms (604.7 mm) bring 64% of the summer
(June-August) P total (939.8 mm) and 61% (972.8 mm) of the annual P total (1,585.1 mm). Thus, the AR
storms contribute to the summer and the annual P is nearly twice as much as the non-AR storms. The AR
and non-AR storm-total P also shows seasonal cycles with the maximum in July (277.9 mm month™!) and

(a) Storm-total P (b) Storm-mean P
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_ £
g 200 2
E 60 $
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i % T B 0
& ot i m*
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Figure 4. The monthly (a) Storm-total P and (b) Storm-mean P of the atmospheric river (AR) (blue) and the non-AR (red) storms. Gray bars in (a) are the
monthly P for all (AR and non-AR) storms. See Figure 3c for the storm properties represented in the box-whisker plot in (b).
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Figure 5. The probability distribution function of P during individual storms.

August (205.5 mm month™), respectively. The AR storms produce more P than the non-AR storms in spring
and early summer while the non-AR storms generate more P from August to January. The contribution of
the AR storms to the monthly P is especially large from May to July when Korea is affected by the ETCs
associated with the EA monsoon (Kamae, Mei, Xie, Naoi, & Ueda, 2017; Kim et al., 2021; Park et al., 2021a).
August and September in which the non-AR P exceeds the AR P, are strongly affected by TCs and TSs that
do not typically accompany ARs. In the dry period October-January, the North Pacific storm track migrates
eastward, resulting in weak AR contributions to P. The monthly P is clearly separated between the AR and
the non-AR storms from March to September (the non-AR P is outside the UR of the AR P, and vice versa);
the separation is not clear (the monthly non-AR P is within the UR of the monthly AR P) during the dry
period (October-January) when the non-AR storms provide the majority of the monthly P, albeit small (Fig-
ure 4a). The differences between the AR and non-AR storm P are well outside the UR of both AR and non-
AR storm P. Hence, the differences between the three inventories do not appear to be critical in estimating
the AR effects in the monthly P, especially for the wet months.

The storm-mean P (Figure 4b) also undergoes similar seasonal variations as the storm-total P (Figure 4a)
with the peak in August and September for the AR and non-AR storms, respectively; however, unlike the
storm-total P in Figure 4a, the AR storm-mean P (blue) exceeds the non-AR storm-mean P (red) throughout
the year. The AR storm-mean P is clearly separated from the non-AR storm-mean P (i.e., the storm-mean
AR P is outside the 95% confidence interval of the non-AR storm-mean P) except in September, October and
December; the separation is especially prominent for April-August. In addition, the UR of the storm-mean
P is within the 95% confidence interval for both the AR and non-AR storms in all months. Thus, the uncer-
tainty due to the differences between the inventories is expected to be small in estimating the storm-mean
P for both the AR and non-AR storms.

Figures 3 and 4 show that the peak monthly non-AR P in August (Figure 4a) results from the highest non-
AR storm frequency (Figure 3a) and strongest (i.e., storm-mean P) non-AR storms (Figure 4b) in the same
month; however, the maximum storm frequency and the storm-mean P occur in different months for the
AR storms. The monthly AR storm P (Figure 4a) peaks in July when the AR storms are most frequent (Fig-
ure 3a) but the AR storm-mean P is the second largest (Figure 4b).

The probability distribution function (PDF) of P for individual storms (Figure 5) shows that the non-AR
storms outnumber the AR storms in the lightest P range, 30 mm storm~! or smaller. Above this range, the
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Figure 6. The monthly (a) Storm-total Q and (b) Storm-mean Q of the atmospheric river (AR) (blue) and non-AR (red) storms. Gray bars in (a) are the monthly
Q for all storms. See Figure 3c for the storm properties represented in the box-whisker plot in (b).

AR storms are generally more frequent than the non-AR storms; AR storms notably outnumber non-AR
storms in the range over 390 mm storm~. Because most of the storms in the heaviest P range are the AR
storms, the AR storms can induce higher flood potential than the non-AR storms as pointed out in earlier
studies (Hirota et al., 2016; Kamae, Mei, & Xie, 2017; Kamae, Mei, Xie, Naoi, & Ueda, 2017; Kim et al., 2021;
Manda et al., 2014; Park et al., 2021a).

3.3. Streamflow

The annual all-storm (AR and non-AR combined) total Q in the basin is 661.9 mm, of which 74% (488.3 mm)
occurs in summer, June-August. The AR storms contribute to 60% (64%) of the annual (summer) Q, simi-
larly, as for P. Thus, the AR storms are the major source of water resources in the basin. The annual cycle
of the all-storm total Q (gray bars in Figure 6a) is in-phase with the all-storm total P (gray bars in Figure 4a)
with peaks in July (220.3 mm) and August (218.5 mm), the two months of the largest all-storm total P. The
maximum AR storm-total Q occurs in July (169.8 mm) while the non-AR storm-total Q peaks (120.6 mm)
in August. The annual cycles of the AR and non-AR storm-total Q are in-phase with the corresponding P,
implying that the monthly Q is mainly determined by the corresponding P. For summer, the AR storm-to-
tal Q (310.2 mm) is nearly twice of the non-AR storm-total Q (178.1 mm); annually, the AR storm-total Q
(398.1 mm) is 1.5 times of the non-AR storm-total Q (263.7 mm). It is also noted that the monthly storm-to-
tal Q deviates noticeably from the monthly storm-total P in the wettest period of the year, June-September.
While the monthly all-storm total P (the gray bars in Figure 4a) in the period is nearly symmetric around
the two wettest months (July-August), the all-storm total Q varies asymmetrically (gray bars in Figure 6a)
with substantially larger Q in September than in June despite the similar amount of all-storm P in the two
months. Potential causes of this difference in the annual cycle between P and Q are discussed in Section 4.
The monthly AR storm-total Q exceeds the non-AR storm-total Q in all months except August and Septem-
ber when the non-AR-storm P exceeds the AR-storm P. The AR storm-total Q is clearly separated from the
non-AR storm-total Q from March to September beyond the uncertainty related to the inventory differences
as the ensemble means of the AR storm-total Q are well outside the UR of the non-AR storm-total Q of the
same month. The AR storm-total Q is also outside the UR of the non-AR storm-total Q except for August
(Figure 6a). Although the AR storm-total Q is not clearly separated from the non-AR storm-total Q for Oc-
tober-March, this may not be a critical concern because Q is small in the dry period. Thus, the uncertainty
due to the differences between the inventories is not likely critical in quantifying the contribution of ARs to
Q and related concerns such as the occurrence of natural disasters and water resources in the basin.

RYU ET AL.

8of 17



~1
AGU

Water Resources Research 10.1029/2021WR030058
AND SPACE SCIENCE
(a) PDF Q (b) Total
1 4 600
- AR °
I non-AR
500 -
0.1 -
> B
= £
a &
0.01 -
0.001 - ; : ; L .
30 270 330 390 450 510 570 0 100 200 300 400 500 600
Runoff [mm] Precipitation [mm]

Figure 7. The (a) Probability distribution function of Q during individual storms and (b) The P-Q relationship for all (atmospheric river [AR] and non-AR

combined) storms.

The storm-mean Q undergoes a clear annual cycle (Figure 6b) as the storm-mean P (Figure 4b). The AR
storm-mean Q exceeds the non-AR storm-mean Q in all months (Figure 6b) although the non-AR storm-to-
tal Q exceeds the AR storm-total Q in August and September (Figure 6a). Hence, the large non-AR storm-to-
tal Q in August and September is due to a large number of non-AR storms in the two months (Figure 3a).
During summer, the AR storm-mean Q is over twice the non-AR storm-mean Q. Hence, the AR storms
produce, on average, more intense Q events and higher flood potential than the non-AR storms. The non-
AR storm-mean Q is largest (33.7 mm storm™') in September, similarly, as for the storm-mean P. This sug-
gests that, for individual storms, the amount of P mainly determines the amount of Q. Considering the 95%
confidence interval, the effects of ARs on the storm-mean Q is well identified (i.e., the AR storm-mean Q
are outside the 95% confidence interval of the non-AR storm-mean Q) for most of the wet months except
September. The uncertainty due to the differences among the three inventories is also small as the UR of
the AR storm-mean Q is well within the 95% confidence interval for almost all months, especially during
the wet period.

Association of the AR storms with intense P events and its consequence on Q in the basin are clearly demon-
strated by the PDF of Q (Figure 7a). As the PDF of P (Figure 5), the non-AR storms are more frequent in
the range below 30 mm storm~! while the ranges above 30 mm storm™! are generally dominated by the AR
storms. Four out of the five Q events that exceed 240 mm storm~! are related to the AR storms. For individu-
al storms, Q is well correlated with P, especially in the heavy P range over 100 mm storm~ (Figure 7b). The
PDF of Q (Figure 7a) and the P-Q relationship (Figure 7b) show that nearly the entire P is converted into Q
resulting in high flood potential during intense storms.

3.4. Streamflow Response to Precipitation

This section analyzes R which varies following the characteristics of basin geography and P (Rodriguez-Blan-
co et al., 2012; von Freyberg et al., 2018) and has been used in regional hydrology studies to measure the
response of Q to P during storms, especially for flood frequencies. The annual R from the all-storm Q and
P is 42% which is within the range estimated in previous studies (e.g., 1% < R < 50% for cultivated basins
Critchley, 2013; R ~ 35% for basins prone to flash floods Marchi et al., 2010).

The monthly R calculated from the all-storm Q and P increases from January to September with peaks in the
three wettest months July-September when R is nearly 60%, then collapses suddenly in October and remains
small for the rest of the year. The annual cycle of the all-storm R resembles that of Q (Figure 6a) which also
shows maxima from July to September, then becomes very small in October. The monthly AR and non-AR
storm-total R also vary similarly to the all-storm R (Figure 8a). The AR-storm total R is comparable to the
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Figure 8. The annual cycle of runoff coefficient (R): The blue, red, and gray bar indicates the R for the atmospheric river (AR), non-AR, and all storms. See
Figure 3c for the storm properties represented in the box-whisker plot in (b).

non-AR-storm total R for all months despite large differences in P and Q. For example, the AR storm-total P
and Q are over twice the non-AR storm-total P and Q from February to July, but the differences in R between
the AR and non-AR storms are well below 10%. Thus, when the monthly total is concerned, ARs affect R
only slightly. Although the non-AR storm-total R is outside the UR of the AR storm-total R for most months,
the separation between the AR and non-AR storm R is much smaller than that for P and Q. Thus, unlike for
P and Q, the differences between the AR inventories may not be ignored in estimating the AR effects on R.
The annual cycle of R in Figure 8a also follows closely that of the all-storm total P (Figure 4a) except that
P decreases sharply from August to September while R remains similar for the all, AR, and non-AR storm
totals. It is also noted that while P in June is similar to P in September (Figure 4a), R is substantially larger
in September than in June (Figure 8a). This implies that R is controlled not only by P but also by some ba-
sin-specific parameters. This is further discussed in Section 4.

The storm-mean R (Figure 8b) shows a similar annual cycle as the storm-total R (Figure 8a). Unlike the
storm-mean P and Q, the AR storm-mean R are not well separated from the non-AR storm-mean R as the
AR storm-mean R is within the 95% confidence interval (whiskers in Figure 8b) of the non-AR storm-mean
R except for several dry months. Considering that the storm-mean P and Q are well separated between
the AR and non-AR storms in most months, this suggests that some factors other than P also affect R as
discussed in the following section. The differences between the AR inventories may not be critical in calcu-
lating the AR effects on the storm-mean R, however, as the UR is well within the 95% confidence interval
for all months but December and January despite the weak separation of the AR-storm means from the
non-AR storm means.

The AR-storms also show similar R PDF as the non-AR storms (Figure 9a). For both the AR and non-AR
storms, the PDF decreases until R reaches the 80%-90% range, then increases substantially in the range
>90%. The P-R relationship in Figure 9b indicates that a number of large R events occur not only during
strong storms but also during weak storms (P < 10 mm storm™'). The large R during the storms of small
P may occur when the baseflow and/or Q from preceding storms exceed P. The large R events during the
storms of small P are more frequent for the non-AR storms than for the AR storms (not shown).
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Figure 9. The (a) Probability distribution function of R during individual storms and (b) The P-R relationship for all storms.

4. Summary and Discussions

ARs in EA have become a topic of intense research as recent studies revealed their effects on P in the region,
especially the occurrence of extreme P events in EA. Hence, quantifying the AR effects on extreme P and Q
in major river basins is critical to regional water management efforts. This study analyzes the climatology
of the AR effects on P, Q, and R in the Namgang-dam basin in southern Korea during the 14-year period
2000-2013 using observed P and Q data. Three 6-h AR inventories are used to identify the AR storms affect-
ing the basin in order to estimate the uncertainty in quantifying the AR effects on the regional hydrology
due to the differences between AR inventories. The analyses are based on storm events instead of the more
conventional instantaneous AR-P (Q) relationship used in most of the previous studies to take into account
the fact that the time- and basin-integrated P determines the Q at the basin outlet point. The use of multiple
inventories and observed P and Q in conjunction with storm-based analyses make this study unique among
the existing AR studies.

The frequency of the AR and non-AR storms undergoes a clear annual cycle with peaks in July and August,
respectively. The AR storms account for 54% of storms annually and outnumber the non-AR storms in
the early part of the year (February-August) while the non-AR storms are more frequent in the latter part
of the year (September-January). The annual cycle of AR-storm frequency is thought to be related to the
seasonal cycle of the large-scale circulation and related ETC activities around Korea and EA (Kamae, Mei,
Xie, Naoi, & Ueda, 2017; Kang & Son, 2021; Kim et al., 2021; Park et al., 2021a) because over 80% of ARs
are accompanied by ETCs (Zhang et al., 2019). The increase in AR frequencies and ETCs in late spring and
early summer can be related to the northward movement of the EA monsoon as moist processes are critical
in developing ETCs around Korea (Kang et al., 2018; Park et al., 2021b). The dominance of the non-AR
storms over the AR storms in late summer and fall are related to TCs and TSs, typical non-AR storms that
often produce heavy rainfall, in conjunction with weakened ETC activities over EA due to eastward migra-
tion of the North Pacific storm track from late summer. The differences between the AR inventories are not
likely a serious problem in estimating the AR and non-AR storm frequencies. The annual-mean AR storm
duration is essentially the same as the non-AR storm duration. The AR storm duration undergoes a clear
annual cycle with the peak in August, while the non-AR storm durations do not exhibit a clear annual cycle.
The key features of the annual cycle of the AR storm duration, winter minima, and summer maxima, may
be related to the findings in Guan and Waliser (2019) that AR travels slower in summer than in winter due
to weaker background mid-latitude westerlies (their Figure 14). As an AR travels slower, it can stay over a
region longer. Considering the 95% confidence interval only the AR storms exhibit a clear seasonal cycle in
the storm-mean durations.
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The AR storms generate the majority of P in the basin: 61% for annually and 64% in summer. The AR (non-
AR) storm P shows clear seasonal variations with peaks in July (August) and dominates over the non-AR
(AR) storms in the storm-total and the storm-mean P during February-July (August-January). The AR
storms outnumber the non-AR storms in the heavy-to-extreme P ranges. Because large storm P can induce
high river levels in mountainous basins (Bracken et al., 2008; Pitlick, 1994), the AR (non-AR) storms have a
higher potential to induce flooding than the non-AR (AR) storms in summer (early fall). The AR storms are
separated from the non-AR storms in the storm-total and storm-mean P beyond the UR for March-Septem-
ber. The UR of the storm-mean P is also within the 95% confidence interval for all months except February
and December. Because October-February is a dry period, the AR inventory differences may not be critical
in determining the effects of ARs on P.

The AR storms generate 60% (64%) of the annual (summer) Q, similarly, as for P. The storm-total and the
storm-mean Q of the AR (non-AR) storms exhibit a well-defined annual cycle with peaks during July-Au-
gust (August-September). The AR storms induce much more extreme Q events than the non-AR storms.
The P-Q relationship (Figure 7b) shows that nearly the entire P is converted into Q for the storms in which
P exceeds 300 mm storm~!. The URs and 95% confidence intervals of the storm-total and storm-mean Q
show that the effects of ARs on Q can be clearly identified during the wet months. The AR storms generate
significantly more storm-total Q than the non-AR storms by amounts exceeding the UR in all months from
April to September when most of the annual Q occurs. The AR inventory differences may not be critical in
quantifying the AR effects on the storm-total and storm-mean Q. The effects of ARs on the storm-total and
storm-mean P and Q show that ARs play a crucial role in shaping water resources and the occurrence of
extreme hydrologic events in the basin.

The annual mean R for the basin is 42%, within the range reported in previous studies, with peaks during
July-September (Figure 8). The AR storms yield similar monthly storm-total and storm-mean R as the non-
AR storms throughout the year despite large P differences. The separation in the storm-mean R between
the AR- and non-AR storms is not clear; the AR storm-mean R is within the 95% confidence interval of the
non-AR storm-mean R for most months. The monthly AR storm-total R is generally outside the UR of the
non-AR storm-total R for most months, although the separation of R between the AR and non-AR storms is
not as clear as for P and Q. The UR of the storm-mean R is within the 95% confidence interval for all months
except December (Figure 8b) for both the AR- and the non-AR storms. Hence, the differences between the
AR inventories may not affect the storm-mean R of individual storm types although the separation between
the AR- and non-AR storm totals are unclear. The lack of significant differences in R between the AR and
non-AR storms, as well as the phase difference between the annual cycle of P and R, indicate that R is af-
fected not only by P but also by other basin-specific parameters.

Previous studies examined key factors that control the response of Q to P in a basin such as the anteced-
ent SWC (Cao et al., 2020; Detty & McGuire, 2010; Penna et al., 2011; Kim et al., 2019; Merz et al., 2006),
catchment areas (Brown et al., 1999; von Freyberg et al., 2014; McGlynn et al., 2004), and P characteristics
(Blume et al., 2007; Norbiato et al., 2009), among others. Among these factors, the static elements such
as the terrain slope and soil texture may be ruled out because R follows closely the annual cycle of the
storm-total P. This implies that the annual cycle of R is affected by dynamical hydrologic elements of the
basin. Vegetation and SWC may be the two most critical dynamical elements that affect the water budget
and undergo clear annual cycles. Vegetation is ruled out as it increases evapotranspiration to decrease R in
the warm season. The mean SWC over a region including the study basin from the ERA5-Land analysis data
(Figure 10) suggests that the response of SWC to P can explain the relationship between the annual cycle
of P and R. As a lengthy dry period from October to early June, as well as the period of large transpiration
in the growing stage of vegetation, precedes the beginning of the wet season in mid-June, the soils in the
basin is driest at the time large P starts to occur in June. As much of P is absorbed by the dry soil, only a
small portion of P is converted into Q, resulting in a small R in June. As high SWC states are reached in late
June, a larger fraction of P can be converted into Q to yield larger R in the following wet months, July and
August. High SWC is maintained until the end of August by heavy summer rainfall so that a large fraction
of P can be converted into R in September, the month of third largest SWC (Figure 10), to result in a large R
despite a significant reduction in P from August to September. After September, soils become dry again and
R remains small until the next wet season. Previous observational (Cao et al., 2020) and modeling (Chen
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Figure 10. The annual cycle of the root-zone soil moisture in the ERA5-Land ( C3S, 2017); available online at: https://
cds.climate.copernicus.eu/#1/home.

et al., 2019) studies also showed that the antecedent SWC controls Q during AR landfalls in WNA. Quanti-
tative analyses of the detailed water budget for relating the observed P, Q, and R require observed SWC and
surface flux data, especially the total evaporation, that are not currently available for this basin.

The AR activity and the impacts of ARs on the basin-scale hydrology in EA found in this study can be par-
ticularly useful in the seasonal-to-interannual hydrometeorology forecasting as well as in developing plans
for mitigation and adaptation to the impacts of climate change on the water resources and extreme events
for southern Korea and similar regions in EA. It would be best to utilize P and Q for the future period direct-
ly for the purposes; however, today's climate models which are practically the sole source of future climate
data, lack the skill for reliable simulation of P and Q because of the deficiencies in the model physics related
to precipitation. Observation-based robust relationships between ARs and regional hydrology can be an in-
dependent proxy for projecting future P characteristics and extreme hydrologic events in conjunction with
the simulated water vapor and wind fields because these fields that are used to identify ARs do not suffer
directly from the model deficiencies involved in calculating P. Because AR characteristics and hydrologic
responses to ARs vary following regions, additional studies on the AR-hydrology relationship are warranted
for various regions and basins around the world.

Data Availability Statement

The GW and PS AR inventories are available in https://ucla.box.com/ARcatalog, and https://agupubs.on-
linelibrary.wiley.com/doi/10.1029/2020jd033537 as supporting information, respectively. The KM inventory
is available from https://data.mendeley.com/datasets/hnr86n5r36/1.
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Erratum

In the originally published article, Figure 8 was incorrect. The figure has been updated and this may be
considered the authoritative version of record.
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