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ABSTRACT

The sensitivities of meteorological forecast errors associated with Asian dust transport events to changes in

the initial state were evaluated for 46 occurrences that affected the Korean Peninsula from 2005 to 2010.

Adjoint-based sensitivities were used to determine these sensitivities. Sensitive regions were located primarily

over two regions upstream from the Korean Peninsula: the northern source region, including areas of

Mongolia and northern China, and the Tibetan Plateau. Depending on transport trajectories, month, and year,

the sensitive regions were located over either the northern source regions or the Tibetan Plateau. That is,

the Asian dust forecast in Korea was found to be sensitive to the meteorological fields over the northern source

regions, but also those over the Tibetan Plateau even though the latter is not a dust source region or an

upstream area according to the transport trajectories. Employing additional observations at existing

instrumentation sites or developing new observational sites in both sensitive regions could be beneficial in

reducing the atmospheric circulation forecast errors in East Asia, thus improving the accuracy of transport

forecasts of Asian dust events affecting the Korean Peninsula.

Keywords: adjoint sensitivity, meteorological forecast error, Asian dust transport, sensitive regions, northern

source region, Tibetan Plateau

1. Introduction

Asian dust originates from the deserts of northern China

and Mongolia and is transported to East Asia by prevailing

winds. Asian dust affects local air quality in areas down-

stream from the source regions, causing extensive health,

environmental, and property damage in East Asian coun-

tries, especially China, Korea, and Japan. Asian dust has

also been reported to reach as far as the west coast of the

United States (e.g. Hacker et al., 2001; Husar et al., 2001;

Gong et al., 2006; Zhao et al., 2006).

Asian dust phenomena and their forecasts in areas down-

stream from dust source regions are influenced by the

transport characteristics of dusts. By investigating atmos-

pheric circulation patterns associated with the downstream

transport of Asian dust, Jhun et al. (1999) showed that the

frequency of dust occurrence on the Korean Peninsula

differs considerably from that in the dust source regions

due to the different atmospheric circulation patterns in these

regions. Although the dust emissions are driven by surface

winds over the source regions and are transported locally in

boundary layers, dust transport events to Korea mostly

occur in the free atmosphere. The transport paths connecting

the dust source regions to Korea are closely associated with

the tropospheric circulations over East Asia. Chung and

Park (1997) and Uno et al. (2001) demonstrated that the

transport paths of Asian dusts are closely related to

extratropical pressure systems (i.e. the locations of extra-

tropical cyclones and anticyclones) over East Asia. Typi-

cally, a high-pressure system follows behind a surface frontal

cyclone over the Korean Peninsula, accompanying the

eastward movement of the 500 hPa westerly trough, during

Asian dust events in Korea (e.g. Merrill and Kim, 2004;

Kim et al., 2006; Kim et al., 2008b; Kim, 2008). Therefore,

meteorological forecast errors affecting Asian dust trans-

port forecasts in Korea are primarily associated with
*Corresponding author.

email: khm@yonsei.ac.kr

Tellus B 2013. # 2013 H. M. Kim et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-Noncommercial 3.0

Unported License (http://creativecommons.org/licenses/by-nc/3.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided

the original work is properly cited.

1

Citation: Tellus B 2013, 65, 20554, http://dx.doi.org/10.3402/tellusb.v65i0.20554

P U B L I S H E D  B Y  T H E  I N T E R N A T I O N A L  M E T E O R O L O G I C A L  I N S T I T U T E  I N  S T O C K H O L M

SERIES B
CHEMICAL
AND PHYSICAL
METEOROLOGY 

(page number not for citation purpose)

http://www.tellusb.net/index.php/tellusb/article/view/20554
http://dx.doi.org/10.3402/tellusb.v65i0.20554


extratropical weather systems throughout the troposphere

and their forecasts over the Korean peninsula.

Accurate predictions of meteorological fields are crucial

for predicting Asian dust events because the air quality

models for Asian dust prediction use predicted meteorolo-

gical fields from numerical weather prediction models

as input (Kim et al., 2008b). Such a requirement was

demonstrated by Zhang et al. (2007) when attempting to

predict ozone concentrations in the vicinity of Houston,

Texas, and by Liu et al. (2011) when attempting to predict

CO2 transport around the globe. Both Zhang et al. (2007)

and Liu et al. (2011) found that ozone and CO2 transport

uncertainties due to the uncertainties in meteorological

fields are significant causes of the total transport error.

The Korea Meteorological Administration (KMA) col-

lects meteorological and dust (e.g. PM10 concentration)

data from surface observation sites owned by the KMA

and the China Meteorological Administration (CMA) over

the Asian dust source regions for a better representation

of initial conditions for Asian dust forecasts, as shown in

Fig. 1. However, the observational data over the source

regions are insufficient to enable accurate Asian dust

prediction. Moreover, the locations of the KMA observa-

tional sites over the dust source regions were determined

rather subjectively (Kim et al., 2008b), specifically by

installing stations following the known paths of Asian

dust from the source regions to Korea. By investigating the

sensitive regions of meteorological forecast errors to initial

conditions for two Asian dust events in Korea, Kim et al.

(2008b) showed that not only dust source regions but also

other upstream regions may be important to obtain correct

atmospheric circulation patterns associated with Asian dust

events and, thus, more accurate Asian dust forecasts.

Adaptive observation strategies that employ more objec-

tive criteria to decide observational sites may be used to

decide where to conduct observations to improve trans-

port forecasts associated with Asian dust events. Adaptive

observations are additional observations in sensitive re-

gions that may have the greatest impact on the forecast and

are thus expected to decrease the forecast error (Kim et al.,

2004). Until recently, many studies used adaptive observa-

tion strategies to identify sensitive regions for adaptively

observing extratropical or tropical cyclones (e.g. Peng and

Reynolds, 2005, 2006; Kim and Jung, 2006; Majumdar

et al., 2006; Wu et al., 2007; Kim et al., 2008a, 2011; Kim

and Jung, 2009a, b; Jung et al., 2010; Park et al., 2013).

In contrast to weather events associatedwith extratropical

and tropical cyclones, adaptive observation strategies have

rarely been applied to Asian dust. Yumimoto et al. (2008)

applied an adjoint inversion of a four-dimensional varia-

tional data assimilation system of a regional dust model

(RAMS/CFORS-4DVAR) to an Asian dust case by evalu-

ating the impact of dust emission observations at specific

sites. In contrast, by investigating adjoint sensitivities of

atmospheric circulation forecast errors, Kim et al. (2008b)

demonstrated the feasibility of using adaptive observation
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Fig. 1. Asian dust monitoring stations over Asian dust source regions operated by the Korea Meteorological Administration (KMA)

since 2005 (k) and 2007 (m) and by the CMA (^), Asian dust monitoring tower ('), and four domestic observational sites operated by

the KMA (j). Only four representative observational sites in Korea are shown.
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strategies to design observation network for Asian dust

events. Using adjoint-based forecast sensitivities to detect

sensitive regions, Kim et al. (2008b) showed that adaptive

observations in sensitive upstream regions may be beneficial

for short-range forecasts of two Asian dust events observed

in Korea. However, to determine permanent or semi-

permanent observational sites to improve the forecasts and

predictability of Asian dust transport events in Korea,

adaptive observation strategies should be applied to numer-

ousAsian dust cases to obtain statistically significant results.

Therefore, in this study, 46 Asian dust events that

occurred in East Asia and affected the Korean Peninsula

from 2005 to 2010 were chosen to investigate the sensitivity

of meteorological forecast errors associated with Asian dust

transport events to their initial conditions and to identify

statistically sensitive regions for atmospheric circulation

forecast errors of the Asian dust transport events affecting

Korea. As the Asian dust events affecting the Korean

Peninsula and their transport are the main interests of this

study, the dust emission mechanisms or processes in the

source regions are not considered. However, taking note of

the sensitive regions for many Asian dust events might help

identify locations for permanent observational sites for

future Asian dust events. The sensitive regions are investi-

gated according to the transport trajectories, year, month,

and season. To analyse the sensitivity results, the statistical

occurrence and trajectory characteristics of the dust cases are

also briefly discussed. To investigate the sensitivity to initial

conditions, adjoint sensitivities (e.g. Errico, 1997) that

calculate the gradient of the forecast aspect (i.e. response

function) with respect to an initial condition are used, as in

Kim et al. (2008b). Section 2 presents the model, cases, and

methodologies employed to calculate adjoint sensitivity and

for cluster analysis. The results are presented in Section 3,

and Section 4 contains a summary and discussion.

2. Methodology

2.1. Model

This study uses the fifth-generation Pennsylvania State

University/National Center for Atmospheric Research

(PSU/NCAR) Mesoscale Model (MM5) together with the

MM5 adjoint modelling system (Zou et al., 1997) to cal-

culate adjoint sensitivities. The model is a non-hydrostatic

model. The model domain for this study is 55�71

horizontal grids (centred at 398N latitude and 1158E
longitude) (Fig. 2) with an 80-km horizontal resolution

and 14 evenly spaced sigma levels in the vertical from the

surface to 50 hPa. The model’s initial and lateral boundary

conditions are the National Centers for Environmental

Prediction (NCEP) final analysis (FNL; 18�18 global grid)
and the Optimum Interpolation Sea Surface Temperature

(OISST) version 2 (Reynolds et al., 2002). The physical

parameterisations used for the non-linear basic state inte-

grations include the Grell convective scheme, the MRF

planetary boundary layer scheme, a simple radiation cool-

ing scheme, horizontal and vertical diffusion, and dry

convective adjustment. The same physical parameterisa-

tions are used in the tangent linear model (TLM) and

adjoint model integrations. Large-scale precipitation is the

only moist physics scheme used in the TLM and adjoint

model integrations, although the Grell convective scheme

and the explicit treatment of cloud water, rain, snow, and

ice are used in the basic state integrations.

2.2. Cases

The Asian dust events affecting the Korean Peninsula were

classified from among all Asian dust events in East Asia

from 2005 to 2010 by evaluating the maximum PM10

concentrations observed on the southern Korean Peninsula

(KMA, 2005, 2006, 2008; National Institute of Meteoro-

logical Research, 2009, 2010, 2011). The cases determined

to have affected the Korean Peninsula are shown in Table

1. Dust origin was determined by investigating satellite

remote sensing images (RGB images from the NASA high-

resolution meteorological sensor (MODIS) and Infrared

Optical Depth Index (IODI) images from MTSAT-1R),

surface weather maps, upper atmospheric weather maps

(850 and 300 hPa), Hwangsa (Korean for Asian dust)

observations, and PM10 concentrations.

For each case, the initial and final time for the forward

non-linear model integration and backward adjoint sensi-

tivity calculations were determined by the time interval of

maximum PM10 concentrations in the source regions and

the Korean Peninsula. The occurrence times of maximum
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Fig. 2. The model domain for this study. The box over the

Korean Peninsula denotes the area where a response function was

defined.
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PM10 concentrations were set to match the analysis times

(00, 06, 12, and 18 UTC) as follows. If the occurrence

times in both regions did not coincide with the analysis

times, then the occurrence times were determined to be

those closest to the regular analysis times. If the occurrence

times were in the middle of the analysis intervals, then

the occurrence times were determined to be those analy-

sis times with the greater PM10 concentrations. The

occurrence time was determined as outlined because the

analysed meteorological field at the final time is necessary

Table 1. Asian dust events that affected the Korean Peninsula from 2005 to 2010

No. Occurrence date Origin Run time Maximum PM10

1 2005-03-28 Manchuria 03.27.12 UTC � 03.29.00 UTC (36 hours) Kwanaksan 450

2 2005-04-10 Inner Mongolia 04.08.18 UTC � 04.10.06 UTC (36 hours) Ganghwa 520

3 2005-04-14 Inner Mongolia 04.13.12 UTC � 04.14.06 UTC (18 hours) Baengnyeongdo 650

4 2005-04-15 Inner Mongolia 04.14.00 UTC � 04.15.00 UTC (24 hours) Ganghwa 300

5 2005-04-20 Inner Mongolia 04.19.06 UTC � 04.20.06 UTC (24 hours) Cheonan 650

6 2005-05-01 Manchuria 04.29.00 UTC � 05.01.00 UTC (48 hours) Baengnyeongdo 500

7 2005-11-06 Inner Mongolia 11.05.06 UTC � 11.06.06 UTC (24 hours) Baengnyeongdo 1300

8 2006-01-15 Inner Mongolia 01.14.06 UTC � 01.15.18 UTC (36 hours) Baengnyeongdo 320

9 2006-03-11 Gobi desert 03.09.18 UTC � 03.11.06 UTC (36 hours) Gwangdeoksan 1000

10 2006-03-13 Inner Mongolia 03.12.06 UTC � 03.13.06 UTC (24 hours) Ganghwa 750

11 2006-03-25 Gobi desert 03.24.06 UTC � 03.25.00 UTC (24 hours) Ganghwa 270

12 2006-04-08 Gobi desert 04.06.12 UTC � 04.08.12 UTC (48 hours) Kwanaksan 2300

13 2006-04-19 Inner Mongolia 04.16.06 UTC � 04.19.06 UTC (72 hours) Gosan 330

14 2006-04-23 Inner Mongolia 04.21.18 UTC � 04.23.12 UTC (42 hours) Baengnyeongdo 550

15 2006-05-01 Gobi desert 04.29.06 UTC � 05.01.06 UTC (48 hours) Gyegryelbi-do 500

16 2007-02-03 Manchuria 02.03.00 UTC � 02.04.00 UTC (24 hours) Baengnyeongdo 300

17 2007-02-13 Inner Mongolia 02.13.00 UTC � 02.14.00 UTC (24 hours) Baengnyeongdo 269

18 2007-02-22 Inner Mongolia 02.21.06 UTC � 02.22.18 UTC (36 hours) Heuksando 238

19 2007-03-27 Inner Mongolia 03.25.18 UTC � 03.27.12 UTC (42 hours) Kwanaksan 413

20 2007-04-04 Manchuria 04.03.00 UTC � 04.04.00 UTC (24 hours) Baengnyeongdo 180

21 2007-05-07 Inner Mongolia 05.06.18 UTC � 05.07.18 UTC (24 hours) Baengnyeongdo 985

22 2007-05-25 Inner Mongolia 05.23.12 UTC � 05.25.12 UTC (48 hours) Chupungnyeong 493

23 2008-03-02 Inner Mongolia 02.29.18 UTC � 03.02.12 UTC (42 hours) Daegu 1428

24 2008-03-16 Manchuria 03.15.00 UTC � 03.16.06 UTC (30 hours) Ganghwa 323

25 2008-03-18 Gobi desert 03.17.12 UTC � 03.19.00 UTC (36 hours) Baengnyeongdo 397

26 2008-05-21 Gobi desert 05.20.00 UTC � 05.21.12 UTC (36 hours) Baengnyeongdo 424

27 2008-12-09 Inner Mongolia 12.07.06 UTC � 12.09.00 UTC (42 hours) Anmyeondo 335

28 2009-03-13 Manchuria 03.13.00 UTC � 03.14.00 UTC (24 hours) Seoul 169

29 2009-03-16 Inner Mongolia 03.14.12 UTC � 03.16.06 UTC (42 hours) Sokcho 539

30 2009-04-25 Inner Mongolia 04.23.06 UTC � 04.25.06 UTC (48 hours) Gudeoksan 307

31 2009-05-12 Manchuria 05.12.06 UTC � 05.13.00 UTC (18 hours) Baengnyeongdo 174

32 2009-09-21 Inner Mongolia 09.19.12 UTC � 09.22.00 UTC (60 hours) Baengnyeongdo 207

33 2009-10-20 Manchuria 10.19.06 UTC � 10.20.00 UTC (18 hours) Ganghwa 389

34 2009-12-25 Inner Mongolia 12.24.06 UTC � 12.25.12 UTC (30 hours) Suwon 1132

35 2009-12-29 Inner Mongolia 12.28.00 UTC � 12.29.18 UTC (42 hours) Gyegryelbi-do 417

36 2010-01-25 Inner Mongolia 01.24.06 UTC � 01.25.00 UTC (18 hours) Ganghwa 348

37 2010-03-12 Inner Mongolia 03.11.12 UTC � 03.12.12 UTC (24 hours) Yeongwol 386

38 2010-03-13 Manchuria 03.12.00 UTC � 03.13.00 UTC (24 hours) Baengnyeongdo 338

39 2010-03-16 Inner Mongolia 03.14.12 UTC � 03.16.00 UTC (36 hours) Ganghwa 572

40 2010-03-20 Inner Mongolia 03.19.18 UTC � 03.20.12 UTC (18 hours) Heuksando 2712

41 2010-03-23 Inner Mongolia 03.21.18 UTC � 03.23.06 UTC (36 hours) Andong 272

42 2010-04-01 Inner Mongolia 03.31.00 UTC � 04.01.00 UTC (24 hours) Baengnyeongdo 247

43 2010-04-27 Inner Mongolia 04.24.18 UTC � 04.27.06 UTC (60 hours) Ulsan 164

44 2010-05-10 Inner Mongolia 05.08.12 UTC � 05.11.00 UTC (60 hours) Kwanaksan 361

45 2010-11-27 Gobi desert 11.26.12 UTC � 11.27.06 UTC (18 hours) Baengnyeongdo 371

46 2010-12-10 Inner Mongolia 12.09.12 UTC � 12.10.18 UTC (30 hours) Cheonan 375

The occurrence date and maximum PM10 are based on observations over South Korea.
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to approximate the forecast error (i.e. the difference be-

tween the model forecast and the truth) used to calculate

the adjoint sensitivity. The analysed meteorological field

was taken as a true value in the adjoint sensitivity cal-

culation, as described in Section 2.3.

2.3. Sensitivity and sensitivity frequency

As noted in Section 1, meteorological forecast errors

affecting the Asian dust transport forecasts in Korea are

primarily associated with extratropical weather systems (i.e.

cyclone and accompanying anticyclone systems) and their

forecasts over the Korean Peninsula. As the atmospheric

circulation forecasts during Asian dust events in Korea

are mainly associated with extratropical cyclone forecasts

throughout troposphere, the energy norm could be used as a

measure of the forecast error, as in previous studies. Kim

and Kay (2010) demonstrated that both the energy and

low-level pressure forecast error over the Korean Peninsula

as forecast aspects of interest (i.e. response function) of the

adjoint sensitivity calculation provided similar sensitive

regions for an Asian dust event that occurred during 6�8
May 2007 in Korea. As the low-level pressure forecast error

is associated with the extratropical pressure patterns, that

is also closely associated with Asian dust transport near

Korea. However, as noted in Section 1, a high-pressure

system behind a surface frontal cyclone over the Korean

Peninsula and the accompanying eastward movement of

the 500 hPa trough are the main atmospheric circulation

patterns during Asian dust events in Korea and need to

be predicted accurately. Therefore, as a response function

(Fig. 2), we selected an energy-based forecast error measure

inside a cube encompassing the tropospheric depth sur-

rounding most of the Korean Peninsula at the verification

time, instead of using the low-level pressure forecast error.

The energy norm has been used in many predictability

studies of extratropical and tropical cyclones (Rabier

et al., 1996; Gelaro et al., 1998; Klinker et al., 1998; Kleist

and Morgan, 2005; Kim and Jung, 2006; Jung and Kim,

2009) because it provides a convenient and physical way of

combining forecast errors with separate model variables.

Vertically, the response function of the energy forecast

error is defined from the surface to 300 hPa of the model

domain because the forecast errors associated with both

the surface weather system and the 500 hPa trough are

important for accurate atmospheric transport prediction

for Asian dusts. The response function is

R ¼ 1

2
Pef;CPefh i; (1)

where ef is the MM5 forecast error at the verification time

for each case [i.e. the deviation of the MM5 forecast state

(xf) from the NCEP FNL (xa)], P is a local projection

operator that constrains the response function to a box

surrounding the region over the Korean Peninsula, and C is

a matrix that converts the response function to dry energy

(Zou et al., 1997). The detailed formulation of the response

function in (1) is

R ¼
ZZZ
r;
P

1

2
U 02 þ V 02 þW 02 þ g

�N �h

� �2

h02 þ 1

�qcs

 !2

PP0
2

2
4

3
5

�d
X

dr; ð2Þ

where U?, V?, W?, u?, and PP? are forecast errors of zonal,

meridional, vertical winds, potential temperature, and pres-

sure perturbation, respectively; N, h, q, and cs are reference

values of Brunt�Väisälä frequency, potential temperature,

density, and speed of sound, respectively; and S and s are

the horizontal domain and vertical coordinate, respectively.

As the true state is not known, the NCEP FNL is assumed

to be the true state. The dry energy norm is used because it

can evaluate the forecast errors associated with the typical

atmospheric circulation patterns (i.e. a high-pressure sys-

tem behind a surface frontal cyclone over the Korean

Peninsula and accompanying eastward movement of the

500 hPa trough) during Asian dust events in Korea. The

tests using a moist energy norm (not shown) yielded very

similar results to those using the dry norm. The sensitivities

based on a direct measure of the transport errors may

differ from those based on the dry energy norm used in this

study, which may add different aspects to Asian dust

transport forecasts.

An approximation to the change in R can be obtained as

dR ¼ @R

@xf

; dxf

* +
¼ @R

@xf

;Mdx0

* +

¼ MT @R

@xf

; dx0

* +
¼ @R

@x0

; dx0

* + (3)

where MT is an adjoint operator of the TLM M and x0 is

the initial state. From the right side of (3), the adjoint

sensitivity of the forecast error to the initial conditions

can be obtained by backward integration of the weighted

forecast error using the following adjoint model:

@R

@x0

¼ MT @R

@xf

: (4)

After the term on the left in (4) is calculated for each

case, the statistical sensitivity is determined as follows:

(1) The vertically integrated total energy of the adjoint

sensitivity is calculated to combine each of its

components with a different unit into a single two-

dimensional adjoint sensitivity field with a unit of
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energy (J kg�1) (Langland et al., 2002; Kim and

Jung, 2006; Kim et al., 2011).

(2) The sensitive regions are determined for each case

by the upper 5% of the above mentioned vertically

integrated total energy of the adjoint sensitivities in

all grid points.

(3) The sensitivities are normalised by the maximum

values of the vertically integrated total energy of the

adjoint sensitivities within the sensitive regions for

each case.

(4) The sensitivities are composited by accumulating

the normalised sensitivities at each grid point for all

cases.

The sensitivity frequency is calculated as follows:

(1) After (1) and (2) in the above sensitivity calculation

process are completed, the number 1 is assigned to

each grid point identified as being within a sensitive

region.

(2) The composite sensitivity frequency of each grid

point is determined by summing the assigned num-

bers (or frequency) at each grid point for all cases.

The ratios of linearly and non-linearly evolved tempera-

ture and zonal wind perturbation magnitudes in the veri-

fication area are calculated for each case to verify the

linearity assumption onwhich the adjoint sensitivity analysis

is based. The average ratio for all cases is shown in Table 2.

As the linearity depends on the perturbation magnitude,

initial temperature perturbations of 2K (i.e. the typical

analysis error magnitude), 1K, and 0.5K and initial zonal

wind component perturbations of 4 m s�1 (i.e. the typical

analysis errormagnitude), 2m s�1, and 1m s�1 were chosen

to calculate the ratio. The temperature and zonal wind

perturbations were put to the sensitive regions where the

magnitude of the adjoint sensitivity is the upper 5% of the

total sensitivities around the model vertical level 4 (i.e.,

approximately 420 hPa in Fig. 7(a) and 715 hPa in Fig. 7(b))

where the maximum sensitivity is located. In terms of ratio,

the linearity holds generally well for temperature and zonal

wind perturbations (Table 2). The perturbations show a

generally better agreement as the magnitude of the tempera-

ture and zonal wind perturbations becomes smaller. The

meridional wind perturbations showvery similar results with

the zonal wind perturbations (not shown).

2.4. Cluster analysis

To classify Asian dust events according to their transport

paths and to investigate the characteristics of sensitivities

depending on the transport trajectories, a cluster analysis

was applied to all the Asian dust cases classified as having

affected the Korean Peninsula from 2005 to 2010. The

cluster analysis was performed using the probabilistic

cluster technique (Gaffney, 2004; Camargo et al., 2007)

based on the regression mixture model. This clustering

method can be applied to trajectories that have different

lengths, and the toolbox for the method can be found at

http://www.datalab.uci.edu/resources/CCT.

The HYSPLIT_4 (Hybrid Single-Particle Lagrangian

Integrated Trajectory_4; Draxler and Hess, 1998; Draxler

and Rolph, 2003; Rolph, 2003) model was used to deter-

mine the backward trajectories of the meteorological fields

forecasted by the MM5 for the Asian dust cases in Table 1.

Then, the backward trajectories of the forecasted meteo-

rological fields were analysed by cluster analysis. In the

HYSPLIT_4 model, the backward trajectory data originate

from Seoul (37.68N latitude and 1278E longitude) when

the maximum PM10 concentration is observed in Korea.

The trajectory endpoints from the HYSPLIT model were

then used as cluster variables.

3. Results

3.1. Statistical characteristics

Most cases occurred in spring from March to May (Fig. 3).

Since 2008, the frequency of Asian dust events in December

has been comparable to that in the spring months (i.e.

March, April, and May) or greater than that in other

months. The source regions have been mostly located

relatively close to the Korean Peninsula in Inner Mongolia

(Table 3), which is consistent with the results of Lim and

Chun (2006). Manchuria has been the next most common

source region and is closer to the Korean Peninsula than

the Gobi Desert (Table 3). The annual frequency of Asian

dust events is similar for each year, although it was slightly

higher in 2010 (Table 3). The model integration times for

31 cases (i.e. 67% of the total cases) were from 18 to

36 hours (Table 4), which is consistent with the majority

Table 2. Ratio of linearly evolved perturbation to nonlinearly

evolved perturbation in the projection area, averaged over all cases

Variable Ratio

Temperature 2K 1K 0.5K

U 1.130454843 1.08568 0.978173

V 0.934521686 1.061123 1.063158

T 1.147835004 1.267248 1.10371

Zonal wind 4 m s�1 2 m s�1 1 m s�1

U 1.41008210 1.05245674 1.06012416

V 1.92421341 1.02945614 0.96919686

T 1.06676602 0.97260493 0.97950518

Q 1.35333955 1.51119161 1.06604850

6 H. M. KIM ET AL.
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of source regions being relatively close to the Korean

Peninsula, as shown in Table 3.

3.2. Trajectory analysis

The transport paths of Asian dusts from their source

regions to the Korean Peninsula were classified by cluster

analysis into four groups, consistent with previous studies

(Kim et al., 2005; Kim, 2008). Figure 4(a) shows the dust

trajectories for all cases in this study, and Fig. 4(b) shows

the representative trajectories of clustered groups obtained

by regression analysis. In group 1, the dusts originate

mostly from Manchuria or Inner Mongolia, cross the

northern part of the Yellow Sea between China and Korea,

and arrive at the Korean Peninsula (Fig. 4c). The average

surface-pressure pattern of group 1 at the dust occurrence

time in Korea is characterised by a well-developed anti-

cyclone over the Asian continent and a low-pressure system

over northern Japan, including the north-western Pacific

Fig. 3. Monthly occurrence of Asian dust events affecting the Korean Peninsula from 2005 to 2010.
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(Fig. 5a). The pathway of group 1 is closely associated with

the migratory anticyclone in the springtime of East Asia. In

group 2, the dusts originate from the Gobi desert or Inner

Mongolia, cross the mid-northern part of the Yellow Sea,

and then reach the Korean Peninsula (Fig. 4d). In group 3,

the dusts originate from the Gobi desert, further north, or

the eastern part of China, travel to Shan-tung and the mid-

southern part of the Yellow Sea, and then reach the Korean

Peninsula (Fig. 4e). In groups 2 and 3, the average surface-

pressure patterns near and over the Korean Peninsula are

similar and are characterised by an anticyclone in the

Asian continent and a low-pressure system over eastern

Manchuria (Fig. 5b and c). As the anticyclone in the Asian

continent is elongated in the latitudinal direction for group

3, the trajectory of group 3 is southerly declined compared

with that of group 2. Group 4 includes dust events with

complex trajectories that do not belong to the three distinct

groups described above (Fig. 4f and 5d). The trajectories of

group 1 are different from those of groups 2 and 3 at the

90% confidence level according to the T2 test (Wilks, 2006;

Davis et al., 2010). Groups 2 and 3 do not differ greatly for

the first 18 hours of the backward trajectories at the 90%

confidence level, but they become different in the later

trajectories.

Table 5 shows the monthly frequency distributions of

the clustered groups. The monthly occurrence of group 1 is

much larger than that of the other groups, especially in

March, which implies that the Asian dusts that originate

from Inner Mongolia and Manchuria and reach the

Korean Peninsula within a relatively short time appear

most frequently in early spring. Table 6 shows the

frequency distributions of the clustered groups categorised

by model integration time. Group 1, which contains 35%

of the Asian dust cases, shows relatively short model

integration times, including 81% from 18 to 36 hours.

The short model integration times of group 1 are consistent

with the high frequency of closer source regions in that

group, as shown in Table 3.

3.3. Statistical distribution of sensitivity and

sensitivity frequency

This section presents the statistical distributions and fre-

quencies of the adjoint sensitivities for all 46 Asian dust

cases. For the forecast error defined in the box in Fig. 2,

the adjoint sensitivity for each case is calculated by inte-

grating the adjoint model backward for the period shown

in Table 1. As noted in Section 3.3, the sensitive region (or

grid) for each case is determined by the grid that has the

upper 5% of the adjoint sensitivity values among all grid

points. For each region determined to be sensitive, the

sensitivity distribution and sensitivity frequency distribu-

tion are determined as described in Section 3.3.

The composite sensitivity and sensitivity frequency are

determined by accumulating the normalised sensitivities

and sensitivity frequencies for all cases and are shown in

Fig. 6. The primary features of the sensitivities (Fig. 6a) and

sensitivity frequencies (Fig. 6b) are basically similar and

are mainly located over two regions: from northern China

to Mongolia including the dust source regions (hereafter,

northern source regions) and the Tibetan plateau regions.

Both regions are located upstream of the Korean Peninsula.

However, the sensitive regions over the Tibetan Plateau do

not coincide well with either the dust source regions or the

wind origination regions identified by the backward trajec-

tories shown in Fig. 4. This finding implies that the Asian

dust forecast is sensitive not only to the meteorological

fields over the dust source regions but also to those over the

Tibetan Plateau. To assess the forecast error correction by

the sensitivities in the Tibetan Plateau, the iterative proce-

dure described in Kim et al. (2008b) was performed. The

results show that the perturbations added to the high-

sensitivity regions over the Tibetan Plateau reduce the

forecast error in the verification region over the Korean

Table 3. Annual frequency distributions of the source regions of

Asian dust events that affected the Korean Peninsula from 2005 to

2010

Gobi desert Inner Mongolia Manchuria Total

2005 5 2 7

2006 4 4 8

2007 5 2 7

2008 2 2 1 5

2009 5 3 8

2010 1 9 1 11

Total 7 30 9 46

Table 4. Annual frequency distributions of Asian dust events that

affected the Korean Peninsula from 2005 to 2010, categorized by

the model integration time

Year 2005 2006 2007 2008 2009 2010 Total

Run time

18 hours 1 2 3 6

24 hours 3 2 4 1 3 13

30 hours 1 1 1 3

36 hours 2 2 1 2 2 9

42 hours 1 1 2 2 6

48 hours 1 2 1 1 5

54 hours

60 hours 1 2 3

72 hours 1 1

Total 7 8 7 5 8 11 46
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Peninsula (not shown). As the accurate prediction of

atmospheric circulations in both the mid- to upper levels

and the surface is crucial for the prediction of Asian dust

transport and because the large sensitivities at the mid-level

in the Tibetan Plateau are located upstream of the response

function box, the large sensitivities in the Tibetan Plateau

contribute to the forecast error of the atmospheric circula-

tion over the Korean Peninsula.

Figure 6(c) and (d) shows the composite sensitivity and

sensitivity frequency for all cases with low-level pressure

forecast error as a response function for calculating adjoint

sensitivity. As described in Section 2.3, both the energy and

low-level pressure forecast error over the Korean Peninsula

as response functions of the adjoint sensitivity calculation

provide roughly similar sensitive regions, on average, for all

cases, with relatively prominent sensitive regions over the

Tibetan Plateau for the low-level pressure forecast error

response function.

Vertical profiles of the composite sensitivities for both

the Tibetan Plateau and northern source regions are shown

in Fig. 7. In the Tibetan Plateau regions, the maximum of

the composite sensitivities is located at approximately

420 hPa due to the terrain elevation (Fig. 7a). The kinetic

energy and potential energy are roughly similar throughout

the troposphere in the Tibetan Plateau. In contrast, large

sensitivities reside at approximately 700�800 hPa in the

northern source regions (Fig. 7b), similar to typical vertical

sensitivity patterns for extratropical cyclone develop-

ment, which implies that the meteorological forecast errors

associated with the Asian dust transport to the Korean

Fig. 4. (a) The trajectories of all cases, (b) the representative trajectories of clustered groups using a regression analysis, and the

trajectories of: (c) group 1, (d) group 2, (e) group 3, and (f) group 4.
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Peninsula are closely associated with that of extratropical

cyclone development around the Korean Peninsula. In

other words, the evolution of the anticyclone and cyclone

systems upstream and over the Korean Peninsula is a major

factor in meteorological forecast errors regarding when

Asian dusts are transported to the Korean Peninsula.

However, the dominant kinetic energy of the sensitivity in

the northern source regions is different from typical vertical

sensitivity profiles for extratropical cyclogenesis, which

usually exhibit the dominant potential energy. In contrast

to extratropical cyclogenesis, which requires the potential

energy build-up at the initial stage, the Asian dust trans-

ports over the Korean Peninsula are closely associated with

the cyclone movement and the accompanying strong

pressure gradient regions behind the surface cyclone.

Therefore, strong boundary winds associated with the

kinetic energy in these regions will have a large impact

on the meteorological forecast error over the Korean

Peninsula. The statistical vertical energy profiles for many

cases in this study are very similar to that in an Asian dust

case discussed by Kim and Kay (2010).

The major features of sensitivities and sensitivity fre-

quencies may change depending on the dust trajectory,

month, and year. As the horizontal sensitivity and sensi-

tivity frequency distributions are very similar for the same

trajectory group, month, and year for the composite of the

46 cases, as shown in Fig. 6, and as the sensitivity frequency

distributions consider the contributions of all cases evenly,

only the sensitivity frequency distributions are discussed

hereafter.

3.3.1. Sensitivity frequency distributions according to the

trajectories. Figure 8 shows the composite sensitivity

frequency distributions for each clustered trajectory

group. For group 1, the sensitivity frequencies are generally

similar to the total sensitivity frequencies shown in

Fig. 6(b) (Fig. 8a). Among the two major sensitive regions

Table 5. Monthly frequency distributions of clustered groups of

Asian dust events that affected the Korean Peninsula from 2005 to

2010

Month Group 1 Group 2 Group 3 Group 4 Total

Jan 1 1 2

Feb 2 1 3

Mar 7 3 2 3 15

Apr 3 3 3 2 11

May 2 2 2 1 7

Sep 1 1

Oct 1 1

Nov 1 1 2

Dec 1 2 1 4

Total 16 10 13 7 46
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Fig. 5. The average surface-pressure patterns (black line) and 500 hPa geopotential height (blue line) at the occurrence times of

maximum PM10 concentrations on the Korean Peninsula for: (a) group 1, (b) group 2, (c) group 3, and (d) group 4.
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in Fig. 8(a), the northern source regions coincide well with

the trajectories in Fig. 4(c). The average pressure patterns

of group 1 at the initial sensitivity time in Fig. 9(a) suggest

that the large sensitivity frequency over the northern source

region is associated with strong surface-pressure gradients

under the upper trough. For group 2, the sensitivity fre-

quencies in the northern source regions are much stronger

than those in the Tibetan Plateau (Fig. 8b). The locations

of the large sensitivity frequencies in the northern source

regions coincide with the trajectory distributions shown

in Fig. 4(d). The average pressure pattern of group 2

is characterised by the upper trough extending south-

westward and the strong surface-pressure gradient regions

over the northern source regions (Fig. 9b). The large

sensitivity frequencies over the northern source regions

are mainly associated with the strong pressure gradient

regions over the northern source regions. For group 3, the

sensitivity frequencies are greater in the Tibetan Plateau

regions than in the northern source regions, which is

consistent with more southerly arc of the trajectories shown

in Fig. 4(e) (Fig. 8c). The average pressure pattern of group

3 is characterised by the upper trough extending towards

the Tibetan Plateau and strong surface-pressure gradient

regions over the northern source regions and the Tibetan

Plateau under the trough (Fig. 9c). The smaller sensitivity

frequency over the northern source regions for group 3

is consistent with the weaker surface-pressure gradient in

that region compared with groups 1 and 2. Therefore, the

sensitivity frequencies over the Tibetan Plateau are greater

than those over the northern source regions for group 3.

Group 4 shows very weak sensitivity frequencies overall,

unlike the other groups (Fig. 8d). The influence of the

Tibetan Plateau on Asian dust transport forecasting is

much greater for groups 1 and 3 than for group 2 because

the strong surface-pressure gradient regions reside under

the upper trough over the Tibetan Plateau at the initial time

for groups 1 and 3, as shown in Fig. 9(a) and (c). This

feature was not reported by Kim et al. (2008b) in their

Table 6. Frequency distributions of clustered groups of Asian

dust events that affected the Korean Peninsula from 2005 to 2010,

categorized by the model integration time

Run time Group 1 Group 2 Group 3 Group 4

18 hours 2 1 3

24 hours 6 3 3 1

30 hours 2 1

36 hours 3 3 1 2

42 hours 2 1 3

48 hours 1 1 3

54 hours

60 hours 3

72 hours 1

Total 16 10 13 7
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Fig. 6. (a) Composite of the sensitivity field and (b) the sensitivity frequency field for all 46 cases, calculated using the energy forecast

error as a response function for adjoint sensitivity calculation. (c) Composite of the sensitivity field and (d) the sensitivity frequency field for

all 46 cases, calculated using the low-level pressure forecast error as a response function for adjoint sensitivity calculation.
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investigation of sensitivity distributions for the two Asian

dust cases categorised in group 2.

3.3.2. Sensitivity frequency distributions according to

model integration time. Figure 10 shows the sensitivity

frequency distributions according to the model integration

times. In contrast to the maximum sensitivity frequencies in

the northern source regions for the 18�24 hours integration

times (Fig. 10a), those for the 30�36 hours integration times

are located in the Tibetan Plateau regions (Fig. 10b). The

sensitivity frequency distributions associated with the 18�24
hours integration times are mostly related to group 1,

whereas a comparatively lesser contribution is made

by groups 2 and 3 (not shown). This result implies that

some Asian dust cases in the groups with large northern sen-

sitivity frequency distributions reach the Korean Peninsula

relatively quickly due to the short distance between the

source region and the Korean Peninsula, as shown in Table 6.

The sensitivity frequency distributions associated with the

30�36 hours integration times are attributed to all groups

(Table 6). In contrast to groups 1 and 2, which show
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Fig. 9. The average surface-pressure patterns (black line) and 500 hPa geopotential height (blue line) at the initial time of the model

integrations for: (a) group 1, (b) group 2, (c) group 3, and (d) group 4.
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Fig. 10. The composite sensitivity frequency fields for the cases categorised by model integration times of: (a) 18�24 hours, (b) 30�36
hours, (c) 42�48 hours, and (d) 54�72 hours.
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sensitivities in both the northern source regions and the

Tibetan Plateau for the 30�36 hours integration times, group

3 shows sensitivities only in the Tibetan Plateau (not shown),

which implies that the southerly declining trajectory group

has sensitive regions far from the Korean Peninsula. For

model integration times greater than 36 hours, the sensitivity

frequencies are rather evenly distributed among the northern

and southern regions (Fig. 10c and d).

3.3.3. Monthly sensitivity distributions. Figure 11 shows

themonthly sensitivity frequency distributions. The sensitiv-

ity frequencies during winter (i.e. February and December)

are located in the northern source regions (Fig. 11a and e),

whereas those in the two spring months (i.e. March and

April) are located in both regions but with a greater

frequency of occurrence in the Tibetan Plateau regions

(Fig. 11b and c). This result implies that the sensitivity

frequency distributions in spring are influenced by groups 1,

2, and 3, but the major contributor to the sensitivity fre-

quency in spring is group 1, as can be inferred from Fig. 8(a)

and Table 5. The sensitivity frequency inMay is very similar

to that of group 3 because of a relatively high occurrence

frequency in the Tibetan Plateau regions (Fig. 11d), imply-

ing that the sensitivity frequency of the Asian dust events

that occurred in May is most closely associated with the

southerly declining trajectory groups.

Overall, the interannual variability of the sensitivity

patterns is low, with the exception of the increased

sensitivity for 2010 (not shown).
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4. Summary and discussion

The statistical sensitivity distributions (or sensitive regions)

for transport forecast errors of Asian dust events that

affected the Korean Peninsula were investigated. Sen-

sitivities of the atmospheric circulation forecast errors to

changes in the initial state were evaluated for 46 Asian dust

cases that affected the Korean Peninsula from 2005 to 2010.

Investigating the statistically sensitive regions determined

using adjoint-based sensitivities could inform guidelines

for selecting locations for permanent or semi-permanent

meteorological observational sites for monitoring and fore-

casting futureAsian dust transport events thatmay affect the

Korean Peninsula. The linearity assumption for the adjoint-

based sensitivity calculation holds well for these cases.

To understand the statistical sensitivity distributions, the

statistical characteristics of the Asian dust events affect-

ing the Korean Peninsula from 2005 to 2010 were also

investigated. These events occurred mostly during spring,

fromMarch toMay, although comparable occurrences have

been observed in December since 2008. During this period,

the source regions were mostly located in Inner Mongolia

and Manchuria, and this trend has become more obvious

recently. The annual frequency ofAsian dust occurrence was

similar for each year except 2010, which had a somewhat

higher frequency of occurrence. The model integration

times, determined by the occurrence interval between the

source region and theKoreanPeninsula, rangedmostly from

18 to 36 hours, which is consistent with the high frequency of

source regions close to the Korean Peninsula.

To understand the sensitivity frequency distributions in

terms of transport trajectories, the transport paths of Asian

dust from their source regions to the Korean Peninsula

were classified into four groups using cluster analysis.

The most frequent trajectory group originated from

Inner Mongolia and Manchuria and reached the Korean

Peninsula relatively quickly. The next most frequent

trajectory group originated from the Gobi Desert, farther

north, or the eastern part of China and was transported to

Shan-Tung and the mid-southern part of the Yellow Sea

before reaching the Korean Peninsula. The third most

frequent group originated from the Gobi desert or Inner

Mongolia and crossed the mid-northern part of the Yellow

Sea before reaching the Korean Peninsula.

The areas most frequently identified as sensitive regions

were located over two regions upstream of the Korean

Peninsula: the northern source regions (i.e. Mongolia to

northern China, including dust source regions) and the

Tibetan Plateau. The large sensitivity frequencies in both the

northern source regions and the Tibetan Plateau were

associated with the strong surface-pressure gradient (i.e.

strong surface winds), even though the strong surface

gradient regions in the northern source regions were behind

the extratropical cyclone system.Within these two areas, the

specific locations of the sensitive regions for each Asian dust

case depended on transport trajectories, month, and year.

Kim et al. (2008b) reported sensitive regions within the

northern source regions, but previous research has not

identified the sensitive regions over the Tibetan Plateau.

As the frequent sensitive regions over the TibetanPlateau are

not coincident with either the northern dust source regions

or upstream areas indicated by the transport trajectories, it is

important to consider the large sensitivities in the Tibetan

Plateau for Asian dust transport forecasts in the Korean

Peninsula. Until now, most of the observational sites have

been deployed in the dust source regions or following dust

trajectories. Thus, the finding that sensitive regions exist in

the Tibetan Plateau and other locations not presently

instrumented has important and practical implications.

Using additional observations or developing new observa-

tional sites in the Tibetan Plateau regions and northern

source regions may improve the accuracy of meteorological

forecasts of Asian dust transport events affecting Korea.

Furthermore, evaluating the statistical adjoint sensitivity

distributions for Asian dust forecasts throughout East Asia,

including China and Japan, would aid in the design of a

common observational network for evaluating and forecast-

ing Asian dust events throughout the broader region. The

ongoing research assimilating simulated observations for the

sensitive regions indicated in this study for many past Asian

dust cases would confirm the effectiveness of these regions to

atmospheric circulation forecasts during Asian dust trans-

port events in Korea. In addition, the adjoint sensitivity

distributions for the dust emission processes of Asian dust

events would provide more comprehensive conclusions

regarding the sensitive regions of Asian dust forecasts.
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