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Table 1 Physical properties of the experimental soils

N bk ki Bk THE FH 18] $:5: 7K B
Bk - ' 4 4 - i ity
Sand Silt Clay Bulk density Field capacity
Soil type Texture
(% ) (%) (% ) (g(:m73) (em® em ™)
[ . W+
82.0 11.1 6.9 1.46 0.112
Sandy loess Sandy loam
it + Sand 96 2.1 1.9 1.63 0.043 #r+ Sand
- 11.25
" — 112
2 r
22.5
(=] (=3
(=)} (=)} —
o [l Legend
b % +Sandy loess
aEwds  bHEWE c45cem d.22.5cm e1125cm M fb1:Sand
+Sandy loess Sand
(90 cm) (90 cm)
FL &4k 80+ 385 R OR B
Fig. 1 ~ Schematic diagram of layer structures of the soil columns in the experiment
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Table 2 Fitted and optimized soil hydraulic parameters of the two soils

sk BT A k% G/ Aok % ey BB Ak %
Soil type Access method 6, (em® cm ™) 6, (em® em ™) a(em™") n Ks (emd™")
0 #% 1 Sandy Loess 52| Measured 0.430 96
LA Fitted 0.075 0. 020 1.932
fft4k Optimized 0.016 1.988 89
# + Sand S Measured 0.385 3192
14 Fitted 0. 009 0. 158 1.779
fit 4k Optimized 0. 080 2.676 2 304
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Fig. 2 Measured and VG-equation-fitted soil water retention curves (a) and hydraulic conductivity (b) of the two soils
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Fig.3 Measured and simulated relatively evaporation rates of the soil columns
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Table 3 Measured and simulated cumulative evaporation on D 56 of each soil column ( mean of replicates)
R SCill{E Measured (mm) HE4(E Simulated
Soil columns T4 1 Trial 1 &4 2 Trial 2 &% 3 Trial 3 F-HIE Average (mm)
Y 5ib # + Sandy Loess 109.5 110. 4 112.5 110.8, 139.5
b £+ Sand 3.9 8.4 4.6 5.6, 5.5
45 cm 4.6 6.8 6.6 6.0, 4.9
22.5 cm 6.8 5.9 5.4 6.1, 5.0
11.25 em 7.8 5.5 5.8 6.2, 6.1

TE < [ G R 5 B e 7R 28 5 3, AR R) 52 B R 7R 22 AN .35 (p < 0. 05)

at the 5% probability level, and those with different letters are significantly different
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Oy SRR AR . B B e A % K ] LA
Fr SRR AR 32 22 R O b B A A B B K R B AR, oK

KA

& — DR 5 AR X B v B0 L, %) 2 e TG W A o AR
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T i T T T T i

+384 7K B Soil water content(cm?® cm3)
0.1 02 03 04 050 0.1 02 03 04 05 0 01 02 03 04 05
T T T T 1 T T T T 1 T T T T 1

Note: Values affixed with the same letter are not significantly different
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Fig. 4 Measured and simulated temporal variation of profile water content in each treatment
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Table 4 Comparison between measured and simulated values

JiPREE R EERE R
AE/PE

) AR K

RN L

6 (em®em~?)

b 3 N N e A 8 Cumulative evaporation ( mm)
Treatments n MARE n MARE n MARE
RMSE R RMSE R? RMSE R?
(%) (%) (%)
SRR B+
12 0.18 19.0 0. 65 48 0.05 11.9 0.79 12 16. 8 27.1 0.99
Sandy loess
¥ 4
12 0. 04 15.7 0. 80 48 0.03 16.5 0.99 12 0.94 22.3 0.99
Sand
45 cm 9 0.02 17.1 0.78 48 0.02 18.7 0.98 9 1.04 28.6 0.98
22.5 cm 9 0.04 19.5 0.85 48 0.03 28.4 0.97 9 1.31 37.6 0.95
11.25 em 9 0.02 13.2 0. 385 48 0.03 28.4 0.96 9 0. 66 26.6 0.98
B R T YR - A A 3 AR AL 2 AT
N — N N »
3 45 3 A I 43 S22 5 HE bk R ) 0 S

MW L Aab g £ 2 Ff L3, B8 3 R AR R
JE 53 2 AT 2 Bl 0k B AR T T B A
iR B RR A K B A X A% R R A T K S AR
A5 RIS T 2 22 Jo A HE A G 72 00 A B9 1 K
NZH 1 d Hydrus-1D KR A [6] 2 7 2R 4 b
RS BRAATEAN T o A3 FBIEEE

Y wb B A — B Bk 34 d, RBER

A S By D £ 7E 11,25 em J5LJE I 2 T 1 3%
M2 o A BT K 23 Kol 2 — e R =
B S Al P AR AR ko A HE K S R
PRI 7K T3 2 %, HYDRUS-1D A58 B4 m] DL A 4 i 455 41
JRAAR AR ZE R AR o i B A MK 2y AR il
2 KRB BT JE LA % K —IR— 3
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http : //pedologica. issas. ac. cn



1288 EE 51 %
357—361
= k s I p IR
S % X it [16] JFARM, KO, FER, 5. 848G RARX 2E L
. T 24,2008 ,24(7) :25—28. Yuan C P,Zhang X
[ 1] Bussiere B,Aubertin M, Chapuis R P. The behavior of inclined AL TR A M uan ang
P, Lei T W, et al. Effects of mulching sand and 1 si
covers used as oxygen barriers. Canadian Geotechnical, 2003, . c e cels of mulching sand and gravel size on
soil moisture evaporation ( In Chinese ) . Transactions of the
40; 512—535
. . . . . . CSAE, 2008, 24(7) . 25—28
[ 2] Aubertin M, Bussiere B, Chapuis R P, et al. Construction of ex- o o N N
. . . . " [17]  JESCm, B, FAh, &5 . 4 K bh XU 32 45 o F
perimental cells with covers on acid producing tailings. Proceed- A ) . o .
. . e . i AR DX BRI 5 R R T 1) . o R B K R G b
ings of the 49th Annual Canadian Geotechnical Conference. New- K - R 55 A
K AR E 2], 1993, 18(12): 1—15. Tang K L, Hou
foundland; St John’s,1996; 655—662 N (12) °
) Q C, Wang B K, et al. The environment and administration way
[ 3] Albright W H, Benson C H, Gee G W, et al. Field water bal-
of wind-water erosion crisscross region and Shenmu experimental
ance of landfill final covers. Journal of Environment Quality,
area on the Loess Plateau (In Chinese). Memoir of Northwestern
2004, 33:2317—2332
Institute of Soil and Water Conservation, Academia Sinica and
[ 4] HuangMB, Bruch P G, Barbour S L. Evaporation and water re-
Ministry of Water Conservancy,1993, 18(12) . 1—15
distribution in layered unsaturated soil profiles. Vadose Zone X R . . R
(18] M, FFde . PS5 H R X PR 95 e F 3R 5 440 H
Journal, 2013, 12(1);: 1—14 4 N
PR, HBFEEAR, 1995, 50(6) : 534—541. Mu C R, Wang J H.
[ 5] SiBC, Dyck M, Parkin G. Flow and transport in layered soils.
Environmental pollution and protection in Jin-Shan-Mon border-
Canadian Journal of Soil Science, 2011, 91(2) . 127—132
land area (In Chinese). Acta Geographica Sinica, 1995, 50
[ 6 ] Zayani K, Bousnina H, Mhirib A, et al. Evaporation in layered
. (6): 534—>541
soils under different rates of clay amendment. Agricultural Water o o -
) ¢ [19] X, whhig, FEIEARE . 88 B BR EBU A X . 7K
M nt, 1996, 30:143—154 R
anagement, s R TFSE,1985(2) :1—17. Li Y S, Han S F, Wang Z H. Soil
7 Shokri N, Leh P, Or D. Ev tion fi layered s
7] o, Refiman B, U vaporation trom fayered potous water properties and its zoning in the Loess Plateau (In Chinese).
media. Journal of Geophysical Research, 2010, 115:1—12 Research of Soil and Water Conservation, 1985(2): 1—17
. ; .
[ 8] Gowing J W, Konukcu F, Rose D A. Evaporative flux from a [20] (EFIA. Bk BE7E . R IR A Sk - M A R ) BRI

[10]

[11]

[12]

[14]

[15]

shallow water table; The influence of a vapour-liquid phase tran-
sition. Journal of Hydrology, 2006, (1/4) .77—89

XU, Bk . LR R R SRR R R .
3£, 2002, 34(3) : 141—144. Liu G M, Yang J S. Relationship
between soil evaporation and ground water conditions (In Chi-
nese). Soils, 2002, 34(3) . 141—144

KA, #SEH, kEE, & . EOX LREAR ELEMEES
TR E . TR, 2012, 49(2) ; 282—288. Song R Q,
Chu G X, Zhang R X, et al. Effects of sand mulching on soil in-
filtration, evaporation and salt distribution (In Chinese). Acta
Pedologica Sinica, 2012, 49(2) :282—288

RHBHESUH RZE, 5. BEX LK S A8 2R
B E NS . Aol T4, 2010, 26(3§ 1) :109—114. Song
R Q, Chu G X, Ye J, et al. Effects of surface soil mixed with
sand on water infiltration and evaporation in laboratory (In Chi-
nese). Transactions of the CSAE, 2010, 26 (Suppl. 1) :109—114
Wilson G W, Fredlund D G, Barbour S L. The effect of soil suc-
tion on evaporative fluxes from soil surfaces. Canadian Geotechni-
cal, 1997, 34, 145—155

Willis W O. Evaporation from layered soil in the presence of a
water table. Soil Science Society of America Journal, 1960, 24
(4):239—242

B ge, e, WA . Rk B K BT S5 B
5%, HE2%4R 1965, 13(3): 312—324. Luo HY, Yan A F,
Xie J H. Experimental investigation of upward movement of soil
water in layered systems (In Chinese). Acta Pedologica Sinica,
1965, 13(3) . 312—324

Modaihsh A S, Horton R, Kirkham D. Soil water evaporation

suppression by sand mulches. Soil Science, 1985, 139 (4) .

[21]

[24]

[25]

[26]

[27]

[28]

[29]

el TR 4% ,2013, 29(19) ; 105—111. Ren L D, Huang M
B, Fan J. Differences of water retention capacity for drained soils
with textural layering (In Chinese). Transactions of the CSAE,
2013, 29(19) :105—111

van Genuchten M Th. A closed form equation for predicting the
hydraulic conductivity of unsaturated soils. Soil Science Society
of America Journal, 1980, 44(5) : 892—898

Adamson A W, Gast A P. Physical chemistry of surfaces. Ameri-
ca: Wiley-Interscience, 1997 54

Simunek J, Sejna M, Saito H, et al. The HYDRUS software
package for simulating the one-dimensional movement of water,
heat, and multiple solutes in variable-saturated media: Version
4.15. Riverside, CA: University of California, 2012

Lehmann P, Assouline S, Or D. Characteristic lengths affecting
evaporative drying of porous media. Physical Review E, 2008,
77(5) : 056309

Shokri N, Lehmann P, Or D. Evaporation from layered porous
media. Geophysical Research, 2010, 115(B6) : B06204

Liu M X, Yang J S, Li X M, et al. Numerical simulation of soil
water dynamics in a drip irrigated cotton field under plastic
mulch. Pedosphere, 2013, 23(5) : 620—635

Schelle H, Iden S C, Peters A, et al. Analysis of the agreement of
soil hydraulic properties obtained from multistep-outflow and evap-
oration methods. Vadose Zone Journal, 2010, 9(4) . 1080—1091
Iden S C, Durner W. Free-form estimation of the unsaturated soil
hydraulic properties by inverse modeling using global optimiza-
tion. Water Resources Research, 2007, 43(7) :W07451

Sakai M, Toride N, Siminek J. Water and vapor movement with

condensation and evaporation in a sandy column. Soil Science So-

http : //pedologica. issas. ac. cn



6 4] FERNZR A5 A0 PR SR e b 2 S aed A S 0 5 R (R A A 1289

ciety of America Journal, 2009, 73(3) . 707—717 [31] Xiang L, Yu Z, Chen L, et al. Evaluating coupled water, va-

[30] Saito H, Siminek J, Mohanty B P. Numerical analysis of coupled por, and heat flows and their influence on moisture dynamics in
water, vapor, and heat transport in the vadose zone. Vadose arid regions. Journal of Hydrologic Engineering, 2012, 17(4) :
Zone Journal, 2006, 5(2) : 784—800 565—577

EXPERIMENT AND NUMERICAL SIMULATION OF SOIL EVAPORATION
FROM LAYERED SANDY SOIL COLUMNS

Ren Lidong'? Huang Mingbin®’
Loltege o, esources an n'l)l,r()",’n,(‘:‘n,t7 orthwest niverstt /o angling , Shaanxt s ma
1 College of R d Envi Northwest A&F University, Yangling, Shaanxi 712100, Chi
(2 State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateaw, Institute of Soil and Water Conservation ,

Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract To understand how soil water evaporates from soil columns different in layered structure and soil columns
homogeneous in soil texture, five soil columns were prepared by filling soil into Plexiglas cylinders, 90 c¢m in height, 23.5
cm in inner diameter and 0. 9 ¢m in thickness of the wall. Three of them were packed with sandy soil and sandy loess, lay-
er by layer alternatively but different in thickness of the layers (11.25, 22.5 and 45 c¢cm) and two with sandy soil and
sandy loess separately and homogeneously. The soil columns were irrigated till they were saturated and then let drain with
a 2 cm water layer at their bottoms for 30 days and then they were ready for the evaporation experiment. The columns were
sealed at the bottom to ensure zero flux from the lower end. During the experiment, cumulative evaporation, relative evap-
oration rate and profile water content were monitored and AE/PE ratios ( actual evaporation rate / potential evaporation
rate) were calculated and meanwhile, evaporation processes from the five soil columns were simulated and analyzed using
the HYDRUS-1D model and optimized soil hydraulic parameters based the drainage processes of the two homogeneous soil
columns. The soil hydraulic parameters were obtained through optimization of the calculation of profile water contents dur-
ing the drainage processes in the two homogeneous soil columns. Then the optimized hydraulic parameters were used to
simulate drainage processes in the three layered soil columns with much better effect that lowered the relative error by 1%
to 9% . Besides, the optimized hydraulic parameters based on variation of profile water content in the two homogeneous
soil columns during the drainage processes were used to simulate evaporation processes of the soil columns. Actual evapo-
ration from the columns was determined by weighing the columns on D0, 2, 4,9, 14, 22, 30, 34, 40, 45, 49, 53 and
56. Moreover, 12 cm long TDR probes were placed in the columns, one every 10 ¢m to measure profile water content on
DO, 8, 14, 22, 30, 40 and 56. Analysis of the measurements and simulations show that in the homogeneous column of
sandy loess the first phase of evaporation lasted 34 days, and as a result, its cumulative evaporation was the highest, reac-
hing 110. 8 mm, while in the homogeneous column of sandy soil and the other three layered columns, the first phase evap-
oration lasted only one day, so their cumulative evaporation was as low as around 6 mm. The layered soil column with sand
on the surface was relatively stable in profile water content, indicating that sand mulch could dramatically reduce soil
evaporation. In addition, the three layered soil columns did not differ much in soil evaporation, demonstrating that an
11. 25 cm-thick overlay of sandy soil is enough to reduce soil evaporation significantly. Although the simulations agreed
well with the observations, the simulation of soil evaporation could be further improved in precision by using drainage-
process-based optimized hydraulic parameters and the HYDRUS-ID model. Improving the accuracy of the simulation of soil
water characteristic curve and soil hydraulic conductivity and taking into account the coupling effect of water, vapor and
heat in soil columns is the major approach to reducing simulation deviation. The findings in the experiment may have some
important significances in guiding soil water management in arid and semiarid regions.

Key words Soil evaporation rate; Cumulative evaporation; Profile soil water content; Hydrus-1D
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