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Modeling studies on future changes of dust emission flux over Northern China
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Abstract: In this paper, WRF-Chem (Weather Research and Forecasting model with online coupled chemistry) model is employed
to study the future changes of dust emission in Northern China. In order to improve the accuracy of the prediction results, the study
comprehensively considers the influence of factors such as aerosols, greenhouse gases and vegetation fraction on the weather, climate
and dust emission processes. The prediction shows, from 2016 to 2029, that the amount of dust emission in the northwestern dust
source region is higher than that in the northern dust source region, and the differences of topography and climate lead to the
differences of dust emission processes and their seasonal variations in the two regions. The seasonal mean dust emission fluxes in the
northwestern and the northern from 2016 to 2029 show general decreasing trends, while some seasons show increasing trends. The
dust emission flux in the northwestern shows a weak increasing trend in spring, and decreasing trends in summer, autumn and winter.

The dust emission flux in the northern dust source region shows decreasing trends in spring, summer and winter, and a weak increasing
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trend in autumn. The variation trends of dust emission fluxes in the two regions are dominated by near-surface wind speed, while
vegetation fraction, precipitation and surface temperature have important effects on the interannual fluctuation of dust emission fluxes.
Key words: dynamic downscaling; WRF-Chem; prediction of dust emission flux changes; analysis on driving factors of dust emission

flux changes

W ARRIERIE R AR EZEH 5, AT AR« ISOR B SRS I 500 2= BT ORI R, 1E 1T 1 s ) et
LS R GRS A PR K IS FE (Twomey, 1977; Albrecht, 1989; ¥k &5 AIZLMN, 2000; 45) E A EHE, 2003;
Wk 5545, 2009; ER4E, 2017; IPCC, 20210 H1 [E AL E AN G AL F 1B X 2 5 e Kb ARl 2 — (Prospero et
al., 2002; Zhang et al., 2003), [T ¥b A4S BN A B R SRS i B A HE 0 (Xie et al., 2018a, 2018b; Shi et al.,
2019). [ Py ohaegs I 2 Evb AR R AT T RERF T (E/NRFIRE ALK, 2004; Chen et al., 2014; Song et al.,
2017), A [EH b id FEAR A T 4h15 31 58 22 B AR (Mahowald and Luo, 2003; Gao and Han, 2010; 15243545, 2017).
Y RRRE TR b AR B, VAN AR E IR . IR G IR, RO s AN B
B LIRIBUR AR R TARAL A S SUARAR AT 570 N RV AR A O TS 2, 0 T oAl AR b And fe AL A S 2
=9

GCM  (ERAEAEED W) 1 R RE AR EE TR, BeS A SO R R Y R = 1k
AR SR R I B o H R VD I AR B BUE SIS I 3 2 MRS A ZR AN SCH 28, GOMABUH B 270 Hr 8 AR X 1
IR ZHA T X IRUEE R R T 50 TS, 7T R S SO 25 R AR UK IR 2 (Bao et al., 2015; 16 X455,
2017). 5GCMAHEL, RCM (IXIRARBEED B8 LLEE i) 70 FF R A AR 4 K 3 S B A KR E N ig AT, 7T
AT U M AT R A A B RE . 3 0 B R 5 108 GCMUNRCMER (AT B 2 A1, 383 i 20 HF R RCM ) BB R 43
PAFE I PERAE B o %07 BT X IR A B AR I ) — Mg F 705, B 2 i 2R b [X ORI 75T
2 KH (Gao et al., 2001; Giorgi, 2006; Bao et al., 2015; FMEZFEE, 2018; BhEEREE, 2018). AHF 5048 FH X I < -
RS ZUWRF-Chem (Weather Research and Forecasting model with online coupled chemistry) ¥t GCMEHE 34T
3177 1 RUBE DA R R v [ g v il B A4k, s S R A s L], W] BLSRE H IB R R A 38 g VE S5 R
XF YDA B FENE , FEBEAT B )R R | AU AR T 57T ARV AR AR A 4 7 T B A MURr L (Zhao et al.,
2011; Chen et al., 2013; Kumar et al., 2014),

1 FiEEHE
1.1 WRF-Chem ## %
1.1.1 WRF-Chem #4104 &

AW FEAE H BN WRF-Chem 3.9 R4S, BALEEH0 AN (36° N, 103° E), ZKF4r#% 0K 30km, 1%
HECH 180X 146, HRTEEE N 33 2, RAZWSIEN 100 hPa. B A B SR 2016 452 H 23 H 0 i~
2030 2 H 28 H 18 o AMERFFLRM, SnSth s R, KAL) 70 RN 2 BRI S, AT DAIRE S s
I B KSR . A R R K IR ) o ] R B R SRR S 1), R REAR TIE SR (Lo et al., 2008;
Garcia-Diez et al., 2015; Hahmann et al., 2015). AR#F5EA, #AEH HF—K, BIRE R AN 7 K, B4
TAF 6 /B — IR AR MR AT BRIV A R, AHIT TR R R ] ) 32 BLYb AR YRR 2 S v A 2 YR
(77.0°E~96.0°E, 36.0°N~47.0°N) FAt# b4 J6H (96.5°E~108.0°E, 37.0°N~46.0°N) Fi&B4r, HLILX I [
PIYb AR B W 1 TR,
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Fig.1 The topographic map of the model domain and the study area division (A and B are the dust sources in the

northwestern and the northern respectively)

AWFF K T SSP2-4.5 (The shared socioeconomic pathway 2 with the expected radiative forcing 4.5 W/m?in the
year 21000 HEBUE =, ZIE R 5 2 U RECRE ST, BT 0TSSR A oML 2% & L (Bao et
al., 2015). 2% McSweeney et al.(2015) [T 72 1 %F 5% GCM R4l 45 5, A 78 B 1 e ip R B &5 1) MPI-ESM

(the Max Planck Institute Earth System Model) =1 5 70 HE A MPI-ESM1-2-HR #507E SSP2-4.5 1# 5 T 6h/
IR IR B A 3 70 B RSO BK B S R ATEE AL S 45 4F (Miiller et al., 2018) . Dy EAS L A, 75 il 28 S Ak
AR S AR I, ASHTSE R T CLWRF (CLimate WRE) ] - DCLWRFGHG it & (Fita et al., 2010), &%
AEEHERKIE T Meinshausen et al. (20200 FUBFFEH 1 /K1) SSP2-4.5 1% 5t T AL FEER-P IR 2= IR E . 14k,
AWFFEH MPI-ESM1-2-LR X (MPI-ESM1-2 # UK HE R R A B8 THE ) SSP2-4.5 1 5t M REHE i %4
P A WRF-Chem HY, (EA5HASADL A 60, 5 R A 78 o R AR et 2 vb i BRI 520 (Mauritsen et al., 2019).

AW TR Shao01 FA2vbZHib 7 RV IEFE (Shao, 2001), %75 Ik T BRAS S o MR AR MR 2V ML
i, LR EB IR T LS KE . LIV ) DA R BE R TE S N B AN T 2 HUBN T BRLAR 73 AT 45 98 R 2 R BE 45
DR SR RN ES LIRS E A A BRI R MBLAE /) (Zhao et al., 2020). 1
WRF-Chem 3.9 A, %75 SR ARGV ARAR, FARYIX A 50508 0.2~2um. 2~3.6um. 3.6~6um. 6~12um
M 12~20pm, HEPEETTETED T

d
Puld)1 08 (0 0k m)

p(d) wm

X Fd,d) SRR ds VD RIEERE P AL RIORLAR N d KV BHE R o N—DMEENRE: v SRR
AT RIIBER T, KRB EWEIDIHEDTEE s pu(d)F pi(dy) 73 B9/ MRS ZE 3 PEsh T v RS I A1 5
g NESINERL: wNBEEERE s m PR TR pp ATIREE; Q NIRRT BbiR g LR I T A 1Y)
MG 7 AATHEHRR RV RRRE D HG 1. AREWDRNREDE: 0 NHARN d AR T IR
M, HEAKXIT:

F(d,d)=c[(1-y)+y (D

2
0=(1-c,)2320 (1= 200+ 20 p ()8, ) u>u., (2)
g u, us

A o WHEBE R pa W THPE: wa NG FEBER L py(d) b AR T IR S0 A s S R— T
K, BNREEIREORT 0 I 8, 55T 1, I EFEHCN 0 I S, 55T 00 A0 wamy T us I 1HEL O
R g F (G E A A AL S SR T R E R 1 R

#* 1 WRF-Chem 2, MBS EMNTT REE

Table 1 Namelist settings of the physical, chemistry and aerosol parameterizations used in the WRF-Chem



WE AR TR#S T AR

A 28 Thompson aerosol-aware ( Thompson and Eidhammer, 2014 )
S 4 RRTMG (Mlawer et al., 1997)

SRIEEE) 4 RRTMG (Iacono et al., 2000)

ke 2 Monin-Obukhov (Pahlow et al., 2001)

Giidpors 2 Unified Noah (Chen etal., 2010)

UL 2 MYJ (Janji¢, 1994)

RS Hk 5 Grell 3D (Grell and Freitas, 2014)

EFRSER 401 Dust only

1.1.2 Thompson aerosol-aware /) ¥ J7 & S FL i) %

DRAER I SRR 2R B R SR, i AL B AR IR I SR BN, AT Fi K H T Thompson aerosol-aware 4722
77% (Thompson and Eidhammer, 2014). 1% J7 ¥ SIE L0 NI . AE N e 45 8 1B A SV I AT E IR VR
PEL AERUKIZIN “SR0K” SRR, ot S S IREOR BT DA RRTMG 5677 2, A0 R0 K AU s
=4 B4 (Thompson et al., 2016).

Thompson aerosol-aware J7%H1 “3E7K” I REOR BEARRID R BB IS RN AR & RE I (RS,
WgER, ANUREE) HORFEZA, &7 RFIR T K" [BKRINE, HEHER A~ XKIEVIGS TR T “56K”
RBERHIIR . AHFFCH K 7 CESM2 (The community earth system model version 2) #5304 H ) SSP2-4.5 55 1
[ 8 5SS IS BOR BEREAE N “ 35K RIBRCEURE (Danabasoglu et al., 20200, i KIET CMIP6 #¥ /%,
A8 B AR IRBOREE . W ARRIB R EIR A AR SR R EIR A . ABFFKYE Su and Fung (2015) [
For b kAR 3 A . LeGrand et al. (2019) [HFFL P &ALV AR HE . Ma et al. (2018) HYRFFTH
P2 FRBRRLAT /0 AT A Chin et al. (2002) FIBFFEH I BIR A ICE L, THE VW AR IR A R EOREE, K
M SR RBOR R 2 5, VBN “oRK” RIS IR B N A U

4k, Thompson aerosol-aware 77 844 V0 AR SE IAE N SRUK BRI, B T2 707 i R &SRV IR IR HE
B ARG TS RTE LT B 0 = UK TR S vk R B IR, 5 8007 TSR ik S IR B e
BTG NERTHZ T XTSRRI RINRE 17, A SR LeGrand et al. (2019) [RIRFF b R4 70 28 255 B
¥ WRF-Chem 5 ib ADBEHAE L 15 1) FAS VD AR SIS RIR & Lt SN AV AR SR IR B FE, 0¥ A 2R
TR IBHOAR B 2 I N SR UK SIS IR BOR B N2 07 Gy [, SRUK IR IR T S i3t b AR AR b A2
VIR IERR I, Al Thompson aerosol-aware TAH 77 S AR ZHANTT 5, RIS R0 AR S5 ORI b 2 0
Ao BtAh, BHUFEE T ARIER A TERERE (Rizzaetal, 2017).

1.2 GCM ##E1T 1E

NI/ GCM 30 1) 22 AT 32 e K RUBE BIR Bl 47 1A ol e, 3 1T 5035 3 0 B ROBERE AL I AR, AR Se i A
NNRP (NCEP-NCAR global reanalysis products) 7> #r £ % GCM SR E R HATITIE, ITIETS% | Xuand
Yang (2012) (5. ABFF1EE Past (2000~2014 ££) Fl Future (2016~2030 4) PA-BT B, i Past B B
() NNRP Il GCM (45 %F Future B Bt () GCM R 3EAT1T 1E, FZATIEPERU T

(1) #F 6h/X [ NNRP 1 GCM Hdfs 4 70 JUi-FEME (NNRPAIGCM) BB (NNRP'H GCM™):

NNRP = NNRP + NNRP' (3)
GCM =GCM +GCM' (4)

(2) ¥ Future B BEH GCM £l (GCMp) #F ALL RN CRAR P #5 Past BFBD
GCM , = GCM . + GCM,; (5)

= NNRP, +(GCM , — NNRP,) +(GCM , — GCM ,) + GCM
ERAMPUTIA, 55— Past i Bt NNRP #0405 1035 BME, 5 00K Past I Bt GCM H4f5 “F¥EAHE NNRP



el 10 22, 55 =308 GCM #4f Future I BOFHAL Past I B #0424, S5 PUITA Future I BL GCM #4485 -
(3) WEERRA (5 AMRE =5, RGP W ZER LK GCM £

GCM," = NNRP, +(GCM , —GCM ) + GCM . 6)

ZRZIER) 6h/IR 1 GCM Hdl: (GCMF™) A% Past I Bt NNRP S (i1 5 4E U . GCM 4l Future #1 Past B
B AR~ 38 S5 AR A DA A R I S AR 2

(4) fEIE Future B B GCM B4 80 (8 1) 4k 22
S
GCM,” = NNRP, +(GCM, — GCM, ) + GCM, ~ 2T (7

Gem|p

A, Svareip F1 Seeanp 9 Past B BX NNRP A1 GCM (i bRl 22 o 3 %0772 0] LA GCM 08l (1) S 3 25 0
AR HATITIE, R GCM £dli h =P HIEHAIF bR 4 ih SRR . A AR I 0 30
JIBERERBAU T 1) GCM & (i MA R 5w . MXNRE . iR A IR #71T
iE,
1.3 LI Hcd

ARSI A R 3t 1 DX 00 B Sk D T o [ T SR R0 JT K ) MICAPS (Meteorological Information
Comprehensive Analysis and Process System), 71 2000 4Nl st FIMIIE YR AOD CRUARGEEE) Wl
HHEKJEF MODIS (Moderate-resolution Imaging Spectroradiometer) MODO08 M3 ##E £ Hh 45 & T W% JuyE A
WEHIER) AOD 7= (https:/ladsweb.modaps.eosdis.nasa.gov/search/order/1/MOD08_M3--61 [2021-10-27]), %)=

TERZHEEM TP RINRE (Levy etal., 2013),

2 P45 R P Al

SSP2-4.5 15 H 2015 EJT4R, 2015 4F J 2 Ja i3l 79 RO R A ARG 5 BT, A8 78 8 Je M H 2
Tt T WU 500 oF ) 77 o R Tl 25 SRR AT VP A

B 500 2016~2018 FEVG AL VD AR I AL YD A5 A o Z2- I s i WGl b s R Eos (B 2), 4
BAINEAE, GCM Bs i 5 m it 7 b i XU, WRF-Chem K300 45 BE7E GCM $idls i3t b2 7 — B i
(EREHOLEE S5 A e T R A AR DG, PRGSO AR YR HO AL W A« Z5-F 33 Hh TH KU AH D% R 5050
0.53 F10.64; ALHVL AR UFHIAIL S WM H « Z5-F 3510 3 i XS AE ¢ R 2050000 0.61 F110.87, &AHK REdE 1
99% % EVER G, T WIS A5 T AL % T T 2 V5 Htb 3 b T XU P B ) A8 A A1
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2 2016~2018 4F (a, ¢ PHALIBIDAPIA (b, &) ALEWARVEHBA LM (a, b) HFHA (e, b F
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Fig.2 The simulated and the observed (a,b) monthly mean and (c,d) seasonal mean near-surface wind speed (WS)
variations in (a,c) the northwestern and (b,d) the northern dust source regions from 2016 to 2018 (Rgem and Ry.r are the
correlation coefficients between the GCM and WRF-Chem simulation results used in this study and the MICAPS data,

respectively. Pgem and Py, are the corresponding significant levels)

WAL AOD WL A HE nf 78— e AL S _ERAEZH X VIR (Huang et al., 2007; Chen et al., 2013; FENNZS
MR, 2017), ABFFEER 2016~2020 4 MODIS AOD 4 X} 2 /7 [ R B Pl 45 B AT 3P4t . ANV 2R U5
LI AIEEAL, AOD 28 fki#a# & 3 fizs, Pl Thompson-RRTMG #5477 5K AOD Al RIS Fiil 45 5w i
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g PO A 2 R 22 5, (HREE SR AR IV AR Y5 Hh IR AOD Z5Hs 1 06 5 43 A7 AR BRAR ALARRAE, B A
Tt FE% A Sk B AE T T Jo R A B A A AN SR A VD i AR AU, TR B AT — 5 P AE

(@) [—=—wWRF (b) —=—WRF
| —*—MoDIs| —e—MoDIs|
0.5 054
044 0.
Q 034 Q 03
02 0.
0.1 0.1
0.0 T 0.0 PP
03 07 11 03 07 11 03 07 11 03 07 11 03 07 11 03 07 11 03 07 11 03 07 11 03 07 11 03 07 11
2016 2017 2018 2019 2020 2016 2017 2018 2019 2020
Month Month
0.6 0.6
© [=—wrF () [—=— wrF
[—*—MoDIs| |—*— MoDIs|
054 054
04 04
8 03 8 03
< <
0.2 02
0.1 014
00— T T —— T T —— T 0.0 +—r—— T T —— T —— T
MAM SON MAM SON MAM SON MAM SON MAM SON MAM SON MAM SON MAM SON MAM SON MAM SON
2016 2017 2018 2019 2020 2016 2017 2018 2019 2020
Season Season

B3 2016~2020 FRMARAL (a, o PFHALEBIPARIEHAN (b, & JLEWATEH (o, b) HFHM (¢, b ZFE
15 AOD 24k,
Fig.3 The observed and the simulated (a,b) monthly mean and (c,d) seasonal mean AOD variations of (a,c) the

northwestern and (b,d) the northern dust source regions from 2016 to 2020
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3.1 EYIER AR

2016~2029 ERUPL X I PUZ= L Vb il 20 A A 4 B o Gk T & PUAE Ay AR It b & T A AR vb A2 Y5,
AT Vb AR HE A PR AR R v 7 AR 9 TR AL HEAR , A5 T 9 Z2 R B ko G 4t [X 4358 5 82 5 v (LeGrrand et al.,
2019), Fhn_E Lk 2 X m A AR, S EPE AL E D AR PR BRI R R A T R L Bk A AR R, R
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K4 2016~2029 4 (a) F. (b) H. (c) KM (&) KT PR s
Fig.4 Distributions of the mean dust emission flux in (a) spring, (b) summer, (c¢) autumn and (d) winter from 2016 to
2029

PSS RN, 2016~2029 4Py vb R % 2=yl & 2 a kb, &2 gmegaeiiiasy (B 5). vh
BRI AR YEHL 2016~2027 FEHFFER VD EE B R A T FEES, H 2028~2029 4F5RiE b i 1 H IS 05 AL E D
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HaFy, ALFN 0.03ug/m¥s/yro PILEVS AR ERAR . B BMAFSNT 2029, 2023, 2016 Fil 2017
IR KA, T 2026, 2022, 2019 A1 2021 FFik /M ALABvbRIGE B EAAR . 2 ML 51 2024,
2027, 2029 12022 L AME, T 2019, 2028, 2020 H1 2029 FFik f/MA .
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Fig.5 Variations of the seasonal mean dust emission fluxes in (a—d) the northwestern and (e-h) the northern dust source

regions in (a,e) spring, (b,f) summer, (c,g) autumn and (d,h) winter from 2016 to 2029
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Fig.6 Percentile variations of the dust emission fluxes in (a—d) the northwestern and (e-h) the northern dust source

regions in (a,e) spring, (b,f) summer, (c,g) autumn and (d,h) winter from 2016 to 2029

3.2 YA RS K R
AT A SCPES TR 2016~2029 FF VD AR L % FR i vl B AR I SRS R AT T . R 2 B iy

RS KR AR R, AESRERS, POy Aty i i 5 0 [ XU I H A s AR SR,
i B KA RE N 0.51, 0.60, 0.71 F10.15; HT ORI HRIDE R OIMEIER, Tk
YA YD R P R A R I IR B SR S s B K AT DA R S e 3 K A R (A R VS AR,
TERE KA 328 B 2K, PUALER v AUt v b id 5 B /K B R W2 i) A SR (R=-0.54 #11-0.35); #th
F U FE R 500 K A1 L R I A SR R VD AR, R EMAF SR IE RS, BEKES
PEAL Vb AR YA D@ B R P B B S M (R=-0.78). SPEALHvbATEH AR, dLEy ARl E S
A T XUEEAE A 2= T AR I WS R TE A SR« AR 7 75 Z 0 AL B vb AR VST YD AR A 4 ) 32 EEAR LA AR
W H R R E S (R=0.50). *KZF (R=-0.34) MFEF (R=-0.31); Ly RIE FEKERK, HEIZZE
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Table 2 Correlation coefficients between the dust emission flux and its relevant elements in various seasons
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