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ABSTRACT

Soil moisture is an important state variable f@mnd-atmosphere interactions. It is a
vital land surface variable for resech onhydrology, agricultureclimate,and drought
monitoring. In currentstudy, asoil moisturedata assimilation framework has been
developed usinghe Community Land Modelversion 45 and the PODEn4DVar
algorithm Assimilation experiments were condigd at four agricultural sites in Pakistan
by assimilatingin-situ soil moisture observationsThe resultsshowed that it was a
reliable systemTo quantifyfurtherthe feasibiliy of the data assimilatioffDA) system
soil moisture observations frothe top four soildepths (05 cm, 5/10 cm, 10/ 20 cm,
and 2030 cm) were assimilated:he evaluation results indicatethat the DA system
improvel soil moisture estimation. In addition, updating the soil moisturtheérupper
soil layers of CLM4.5ould improve soil moistureestimationin deeper solil layerdgyer
7,L7~62.0 cm andayer § L8~103.8 cn). To further evaluag theDA system observing
system simulation experiment®$SE$ weredesigned for Paktan by assimilatingaily
observationsThese ideated experiments producestatistical resultghat had higher
correlation coefficiens, reduced root mearsquare errors, and bwer biases for
assimilation which showed that the DA systemis reliable and improvedsoil moisture

estimationin Pakistan

Key words: PODEn4DVarCLM4.5, cataassimilation soil moisture,Pakistan
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1. Introduction

Soil moisture is an important land surface variable forclimatological,
hydrological, ecological, anbliological studiesand hasa central role in lanéhitmosphere
interactiols Koster et al2004) investigatedthat the soil moisture anomalies represent
significant impacts on regiongbrecipitation after undertaking elaborately designed
numerical experiments'he land receivesabout 65 percentf the precipitatiorderived
from evaporatiorover land which is stronglylinked to soil moisturéChahine, 199

Accurate and precise informatiah soil moisture aboth thespatial and temporal
scales is vitly important when attempting to improwgeather forecast climaic studies
andfor droughtmonitoring(Dai et al., 2004 However thelow number of soil moisture
field measurementsver landis abig barrier in acquiring the soil moisture knowledge on
broad scale$Robock et al., 20Q(Robinson et al., 2@) Crow et al.,2012 Zreda et al.,
2012.To improve the soil moisture informatioseveral efforts have been taken place
without assimilating soil moisturebservational date.g.the North America Land Data
Assimilation System (NLDAS)(Mitchell et al., 200% the Global Land Data

Assimilation System (GLDAS) http://Idas.gfc.nasa.goy the Global Soil Wetness

Project Qttp://grads.iges.org/gswp{Dirmeyer et al., 1999and othersQian et al., 2006

Sheffield and Wood, 2008

Currently, egularand field observationsatellite observations, and hydrological
modellingarethe main sourcesisedto acquire soil moisture informatio8oil moisture
information collected througHield observationswhich are of low temporal frequency
andhavefew spatal points.As this information is on point based and therefore cannot

showed thesoil moisturespatial variationsThesefield and regulatbasedsoil moisture

3


http://ldas.gsfc.nasa.gov/
http://grads.iges.org/gswp/

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

JOURNAL OF METEOROLOGICAL RESEARCH

havea gred influenceon theplants development, chemical activities of fertilizers and the
generatiorof runoff and erosionTherefore, it hasignificantimpactson agriculturaland
theenvironmendl systers. The hydrological modelling is thelwr important source and
the sdl moisture simulations generated by hydrological modedge good temporal
frequency and spatial distributi@nThough the precision andaccuracyof simulationsis
strongly linked tanput data and model structuteand data assimilatiocan provides the
reasonable solution to all these issuds.is a technical methodhat incorporatesthe

physical process damoduced byhe land surface mode(slouser et al., 1998

Recently there has beeprogresson assimilation techniques, algorithieind their
applications formany fields like adand, maringand atmospheric studig¢$ian et al.,
2011 Zhang et al., 2002 Tian et al. (2011)proposeda hybrid assimilation technique
k nown ropes orthdgonal decomposition (PObgsed ensemble fodimensional
variational assimilation method (PODEn4D\Mar)his assimilation algorithm contains
the benefits of both variational and ensemble techsiguel perforrad better than both
4DVar and the EnKFmethods under perfect and imperfect model cases. The
computational cost is less when compared to the EnKRlardfore itcan be reliably

integrated into land data assimilation studies.

Land models plg a fundamental rolen land data assimilation systems. The
Community Land Mode[CLM) (Oleson et al.2004; Olsen et gl.2010,which is the
land moduleof the Community Earth System Model (CEpurrell et al., 2018 Even
with the scientific improvements in CLMome studies have shown that when simulating
the hydrologial state variables, CLM4.0 is biased towards estimating sogtorei athe

globaland regional scalgsong et al., 2013Cai et al., 201 In another study, CLM4.5
4
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is used to assimilate AMSR_E soil moisture data and overestimation has been observed
in soil moisture simulatiomt most part of the study arélau and Mishra, 2017)The

earlier versions of CLM have beearsedin land DAstudies for the improvement ebil
moisture estimationf-or example CLMZ2.0 has beensedas forecast operatan many

land DA studiesto improve estimation of soil moisture by assimilating-situ soll
moisture data (De Lannoy et al., 20Q7Tian et al., 2008aZhang et al., 2072 and
(Kumar et al., 200Pused synthetic observatiortshi et al. (2011)ncoporaed CLM3.0

as a forecast modei the DA framewok and assimilated satelliiatafor the simulation

of soil moisture In another studySun et al. (2015¢mployedCLM3.5 to assimilate the

GRACE datausing thePODEN4DVar assimilation technique.

Theaim of this studywas tobuild anassimilation systerasing CLM4.5with the
PODEN4DVar algorithm to generate the improved and more accusai# moisture
estimationfor Pakistarregion as a cas@akistan is now ranked among the top few in the
list of environmentally vulnerable countrjeand facesconsiderable humanhallenges
becaise soil mesture change$ave implications for health, agriculture, ecologynd
water resources under climate chantye.sucha crucial scenario, reliable and more
accurate information on atmospheric and hydrolaigiarameters is needsd thatmore
comprehensiveresearchon weather and climate predictiorand hydrological and
agricultural studies for the regi@an be undertakemn this studyanew DA systemwas
used to obtain preliminary analgsand evaluation resulf®r farmland across Pakistan
through theassimilation ofin-situ soil moisture observation$he evaluatiorexperiments
were conducted at four agricultural sjteghich were representative ofarious agro

climatic zores in Pakistan This meant that th®A system has beewerified under



JOURNAL OF METEOROLOGICAL RESEARCH

119 differenthydrological conditionsThe second goal of this study was to see the eftects
120 deeper soil moisture prediction wheoil moisturewas assimilatedinto the upper soil
121 layers werealso investigated.

122
123

124 2.Land data assimilation system for Pakistan

125 Land daa assimilation system conssif forecast model, assimilation algorithm
126 and observation operator. In current stud@ DEn4DVarwas selecteds assimilation
127 algorithmwhereasCLM4.5 was used as forecasting model.

128 2.1 Land Surface Model CLM4.5

129 The CLM4.5 a globalland surface model developed the National Center for
130 Atmospheric Researclnited states of AmericdNCAR).It is attached withthe

131 Community Earth System Modekrsion 1.2(CESML.2) as a land moduldt contains
132 severalmodifications over preweius versions such as improved parameterizations to
133 reduce biases in soil carborevised photosynthesisand canopy radiation schemes

134 (Oleson et al., 2033

135 In CLM4.5, land surface followghe subgrid hierarchin which eachgrid cell
136 consist ofland units columns and plant functional types (PFTs). Grid cells may contain
137 different numbers of landnits, e.g.lake glacier, vegetatedand urban The vegetated
138  landunits contain severabolumns, and each column hEslayers for soiland fivelayers
139 for snow depending upon the snow depflne soil moisture is calculated within top 10

140 hydrologically ativated layers

141 The volumetric soil moisture content is calculated by the following equation

6
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_ — oY (1)

Where—volumetric soil moistureontentin soil column E is evaporation ratej is
vertical soil water flux2 is melting or freezing point arxis vertical distance from surface.
2.2POD-based ensemble fotgtimensional variational assimilation method

Tian et al. (2008b¥uggested a hybrid assimilation method using ensemble and
ProperOrthogonal Decomposition (PODgchniques in which thadjoint modelis not
needed Tian et al. (2011)used thistechniqueto develop the PODEn4DVar method,
which combinedthe benefitsof the bothensemble and variationapproaches.In this
method, thenalysis fieldcan be obtaineldy minimizing thefollowing cost function

*g -@ " @ -U@ U 2 U@ U 8 2
WhereB andR represent the backgrouaahd observatioerror covariance matricethe
superscript T indicates the transpagematrix, andw ® w shows theperurbation

of the backgroungectord at o .

r‘p) hrl
B .
08
II\ 8 n
W Rl
and
w(f) (’J () n:(’,o ()
I(t") é’o Il II(")8 Il
’ (A 11 ool Il
w W w I8 n 11 8n (4)
11 8 n I 8n
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whereU indicatesthe observation inement andsepresents theimulation ofthe

observation increments llgeforecasting modell and observation operatbi:

@ O O 008 )
O O F ®®8 . 6)
® 00 o &8 @)

The model perturbationfMP) matrix is then defined a whoM Ko and the
observation perturbatiorOfP) matrix is ¢5* oﬁ%{ﬁ‘&fﬁf . The POD transformatioris
applied tothe OP matrix, and which ensure the orthogonalidy the transformedOP
sample%o. OrthogonalMP samplesh are also obtained by applying the saR@D
transformation tadVMIP matrix. The optimal solutio®d as calculated by using weighted

mean ofMP samples.

©  %opl 8 (8)
Wher¢g T 999 . Its corresponding optim&Ps are determined by
w OLw 0 %opt 0 %p T 0 %op T %op! (9)

The control vaableof costfunctiontransferred tp after substitutingd andU into the

cost function

The background error covariano®trix B is obtainedasin the ensemble Kalman filter

(EnKF) (Evensen, 2004

6 A (10)
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Equationg8) and (10 thenbe substitutethto equation (2 By solving the optimal

problem, the incremental analysis caraltained

Yo i p™o %o Y %op  Y%op'Y 8 1y
©  %op%of (12)
The final analys @ is expressed as follow

W O O ® %opY%orw (13)

2.3 Soil moisturedata assimilation system for Pakistan

The sd moisture data assimilation system for Pakistan consistghefland
surface modelCLMA4.5, the assimilation algorithm PODENn4DV,aand the observéion
operator. Theobservation operatorH) is needed to creata relationship between
observatios and the érecast model CLM4.5 simulated state variahlds.this studythe
observation operator is simply a real matrix, which is used to link simulated soil moisture

to observed soil moista. Theobservation operator is expressed

B
B

0 (14)

Where n indicateghe dimension of model state vecter is (the weight calcwdted from
the distance between two poiifks ), w is thefunction value at poinb.

This data assimilation system consists of two steps: (1) forewgstnd (3
updating of state variable soil moisturBirst the daily simulated hydrogplogical
variables are obtained by running the CLM4.5the current assimilation window and

then the updating procedurtor the state variables accordingp PODEn4DVar
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assimilationrmethod.The updating proceder state variables inatles the followingteps
(Fig. 1):
(a) Readthe CLM4.5 daily simulation outputgand historicalsimulationresults to
obtainsample matrixandthenconstruct théackground field vector.
(b) Construct the model perturbationMF) and observation perturbation®©F)
matrices.
(c) Generate OP samples%. and MP samples%. by applying he POD
transformation to th®P matrix andMP matrix respectively.
(d) Calculate the optimal assimilation incremer®@ and the analysis fieldd as
described in the assimilation method.
(e) Update thenitialization file of CLM4.5usingthe analysis field& and use this
updated initialization file to run CLM4.5 to gaforecast foithe next assimilation

window and repeat the same steps for updating the state variables.

10
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A 4

N = N+1
Run CLLM4.5 <
No
Samples and Update initialization
background fields file
-~

Compute
observational / model
perturbations

Update background
fields

A 4

Obtain analysis
increment

v

Compute POD modes

Fig. 1. Flow chart of datassimilation system

3. Evaluation Experiments

3.1 Data description

In this study, we usedtmospheric forcing data to rdand modelCLM4.5 andin-
situ soil moisture informatiorfor the preliminary analysis and evaluation tbeé DA
system for Pakistan. RIJNCEP version Awith spatial resolution of 0.%0.5° is a 110
year (19002010) dataset, which is the standard atmospheric forcing data provided with
CLM4.5 and isused to derive model imffline mode. This dataset is generated by
combiningtwo datasets(1) the 6-hourly NCEP reanalysislata with resolution o.5°
(19482010) and (2) the monthly CRU TS3.2data with0.5%esolution (19042002)
(Mitchell and Jones, 2009More detailson the CRUNCEP dataest areaccessibleat

11
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http://www.cesm.ucar.edu/modalssm12/cim/clm_forcingdata_esg.htinlThis datagt
has been used widely to deri@&M in studieson plant and vegetain developmentand
evapotranspiratiorfMao et al., 2012; Mao et al., 2013; Shi et al., 20H3d in the

TRENDY project(Piao et al., 2012

Pakistan Meteorologita Department (PMD) provided the soil moisture
observational data for this study. Ténailable soil moistte data from PMD was relative
soil moisture anctollectedthree times in a month i.e™717", and 2%, from the
meteorologial stations situated in agricultural fielggross Pakistan. Theollected
relative soil moisture contents were th#ranged to volumetric wateontentgmultiply
relaive soil moisture contents twoil bulk densityand divide it by water densiyand

used for assimilation and DA systewaluation

The four selected gao-meteorological data sitesvere consideredto be
representativeof different agreclimatic zonesin Pakistan They ranged from arid to
humid (Chaudhry and Rasul, 200%he localitiesof the® data sites angresentedn Fig.
2. Rawalpindi (RWP) agroneteorological station isituatedat the northern sideof the
Potohar Plateadt representsain fedplainswith a sub-humid agreclimate. The major
crops grownn this region are wheat, groundnand fodder.The Faisalabad (FSD) site
represents the irrigated plains of central and southern Punjals anthedry semi-arid
agroclimatic zone. Due to well managed canal syste is a highly productive zone
wherewheat, rice, sugarcane, and cotton are the major crops. Quetta (QaAjgk
elevation agriculturarain fed site andhas arid climatic characteristics. Wheat is the
major cropin this zone. Aridity anddw rainfal are the majorcauses otrop failure in

this climatic-zone. Tandojam (TND)epresentsrrigated arid agreclimatic plains It has

12
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awell-organized irrigation systerandwheat, cottonand rice are the major crops in this

region.
35° N
30° N
Legend
@ Soil moisture site
[ Pakistan bounadary
25° N
.| 1Km
0 870 1,740
60° E 65° E 70° E 75°E 80° E

Fig. 2. Location map of the study sites in Pakistan.

3.2 Experimental design

3.1.1 Insitu soil moisture assimilation

The assimilation experiments were conductethafour available soil moisture
sites in Pakistan tevaluatethe performance othe DA system based o6LM4.5 and
PODEnN4DVar. For reasonable initial conditioasl00-year simulation of CLM4.5was
run at every data site using CRUNCEP atmospheric forcing dake outputf the
spinup simulation were chooseas the initial conditions for alltypes ofassmilation
experiments. The spatial resolutiontbé modelwas set to be0.1%0.1°for all in-situ

soil moisture data assimilation experimettsall assimilationexperimentsthe historical

13



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

JOURNAL OF METEOROLOGICAL RESEARCH

samplingscheme(Wang et al., 201)0was used and ensemble size wagdito be 50
members. Anotheés0-year simulation of CLM4.5vas runusing the spirup resultsrom

the 100-year simulations as initial conditions.

Table 1 Assimilating soil depths artie corresponding CLM4.5 layers

In-situ soil depth (cm) CLM4.5 layers (depth cm)
5 L3 (~6.2)
10 L4 (~11.9)
20 L5 (~21.2)
30 L6 (~36.6)

In currentstudy, thein-situ soil moisture informatiorfrom four soitdepths (05
cm, 5110 cm, 10020 cm, and 2030 cm) for year 2006 &re assimilated and the
corresponding layers of ®li4.5 for thesesoil-depthsaredescribed in Table 1. To check
the performance ofthe DA system, alternative soil moisture observations were

assimilated and neassimilated observations were considetedssesshe DA system.

The effects ofassimilatingsoil moisture observations at these faipper soil-
depthson deeper soibleptts moisturesimulations(30i 40 cm, 40150, 50 70, and 7090
cm) by CLM4.5 were also investigatedable 2 shows the deep soil layers information. It
should be noted that bothe 40 cm and 50 cm sedepths exdt within a single layer of

CLM4.5, but observed soil moisture data was availdbieghese depths. Therefore, this

14
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information was usetb evaluate the 40 and 50 uil-depthsas well ashe70 and90

cm soitdepths.

Table 2. Evaluating soil depths and therresponding layers of CLM4.5

In-situ soil depth (cm)

CLM4.5 layers (depth cm)

40
50
70
90

L7 (~62.0)
L7 (~62.0)
L8 (~103.8)
L8 (~103.8)

3.1.2 Observing system simulation experiments (OSSES)

Observing system sination experiment$OSSE$} are considered one of the best

optiors for the assessmeand evaluatiorof a DA system because jifroduce both the

A obs e wdv aa nid ni & mthis studg, O&SE&ereconducted for Pakistafhe

100-year spin up simulain of CLM4.5 with 1 degree horizontal resolutisasrun using

CRUNCEP data to acquire the suitable initial conditionsttierDA experiments. Daily

simulatiors of CLM4.5 for year 2004 using CRUNCEP atmospheric forcing dagee

treat ed as dstinhtles expéerimenghe daiflyiaetaged soil moisture values

calculated by adding errote theii t r u e oweréu sed dd sa s

t

he

fitteb s er vat i

assimilation. Bottthe simulation (without DA) and assimilation experimentsredriven

by QIAN atmosphec forcing data for year 2004n OSSEs,the ensemble size and

15
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sampling gtategy were kept the same asthose used inthe in-situ soil moisture
assimilation experiments. Indkeexperimentsassimilation wascarried out forall ten
layers ofthe land modd whereador in-situ soil moistureassimilationexperimentsonly

four CLM4.5layerswereused for assimilation.

3.3 Results and discussion
3.3.1 Insitu soil moisture assimilation results
3.3.1.1 Assimilation and evaluation results tioe top layers

The preliminary results othe DA system forthe top layers assimilatiorare
describedin Fig. 3. The black dots irFig. 3 indicate the observations used for the
evaluation whereas the green dots dhe assmilated observanns. Figure 3 (a, b, c, d)
shows theassimilation resultfor theOi 5 cm soil layer whereasig. 3 (e, f, g, h for the

201 30 cmsoil layerat theexperimental sites. The assimilation results for-depths 5

16
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311 10 and 1020 cm are not shownbecause they producedimilar results.
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313  Fig. 3 Assimilation ofin-situ soil moisture observations for two soil layers3@&m and

314 201 30 cm) at different sites (red line: simulated soil moisture (without DA), blue line:

315 assimilation, green dot: assimilated observed soil moisture, black dot: obsatved s
316 moisture value for evaluation).
317 Figure 3 also shows the tim series of assimilation and C\b simulation

318 (without soil moisture assimilation) for the year 2006. It is important to remind that
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alternative soil moisture observations are assimilated rantining observations are
used for the evaluation of DA system. It is observed that the assimilation time series for
all stations at both soil depths (5cm and 30cm) is much closer to black dots which are the
soil moisture observations used for evaluattban the simulation. The closeness of
assimilation line to black dots clearly shows that the assimilation improved the estimation
of soil moisture.

The statisticalindices for all the sites clearlyshowed that assimilation has

significant improvement irsoil moisture estimation with higher correlation coefficgent
smaller RMSEandlower BIAS (Fig. 4. The FSD and RWP siteat two soil layerg0-5
cmand 510 cm)with negative BIASFig. 4 (i, k)) showing the underestimation whereas
theother two statins (Fig. 4(j, 1)) overestimaed thesoil moisture estimation with respect
to observationsOverall the simulationshowed the overestimation in soil moisture with
highe biases at all stations and at maximum numbesodfdepths than the assimilation
run (Fig. 4(i, j, k, I). This overestimation in soil moisture for simulation isitonsistent
with the previousstudies (Long et al.,, 2013; Cai et al., 2014However this
overestimation of soil moisturgasreducecby DA, which decreased tHRMSE (Fig. 4(e,
f, g, h)) andproducedhigher correlation coefficieat(Fig. 4(a, b, c, d) At the QTA site
whichwasarain fedand high elevation agricultural fiekite, soil moisture dataas only
collected during thevhea season becauseheat waghe major cropThe soil moisture
data for twowheat seasons for year 2006 and 2@@re used forthe assimilation(Fig.
3(d, h).

Thus the statistical analysiadicatedthat soil moistureestimationimproved

(Fig.4)when thein-situ soil moisture datavas assimilatedt four top soil layersO{ 5 cm,
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342 5i10 cm, 1020 cm, and 280 cm) and hence the performance of DA systemas

343 reasonable.

344

345

346 Fig. 4. Statistical analysis (R, RMSE, and BIAS) of simulated (without DA) and
347 assimilate soil moisture against-situ observations for different soil layers at different
348 sites in Pakistan.
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