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Abstract: This study takes Zhaozhou County in the Songnen Plain (a plain area with sparse borehole data)
as the study area, and aims to address the issue of elevation data sources' impact on groundwater numerical
simulation  by  comparatively  analyzing  the  application  effects  of  the  Shuttle  Radar  Topography  Mission
Digital Elevation Model 90M (SRTM DEM 90M) and interpolated elevation derived from 25 actual bore-
holes  and  14  virtual  boreholes  (synthetic  borehole  points  derived  from  DEM  data  and  corrected  using
nearby measured boreholes). The results show that: The elevation of SRTM DEM 90M can reflect regional
microtopographic features; borehole interpolation has single-point errors (−5 m to 10 m) and interpolation
uncertainty,  and  the  over-smoothed  terrain  leads  to  a  relative  deviation  of  40%–50% in  unsaturated  zone
thickness  in  specific  areas,  which  further  results  in  a  maximum  reduction  of  93% in  evaporation  (from
93.92 m3/d to 6.34 m3/d). Regarding simulation accuracy, the traditional water level dynamic fitting of both
models meets the required standards, but the Nash-Sutcliffe Efficiency (NSE) value of water level fitting for
the borehole model is negative, while the statistical indicators of the SRTM model meet the standards. This
study confirms that: (1) the "parameter combination effect" plays a dominant role in simulation: Simulation
results  are  essentially  the  integrated  product  of  multi-parameter  interaction;  (2)  in  borehole-sparse  areas
similar to the Songnen Plain, SRTM DEM 90M can replace borehole interpolation.
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 Introduction

Groundwater  is  a  critical  strategic  water  resource
for  agricultural  irrigation,  industrial  production,
and domestic water supply in semi-arid regions of
northern  China,  and  numerical  simulation  has
become the core technical tool for regional ground-
water  resource  management,  dynamic  prediction,
and  sustainable  utilization.  As  a  typical  semi-arid

plain in the core grain-producing area of Northeast
China, the Songnen Plain relies heavily on ground-
water to  maintain  regional  water  security,  espe-
cially in Zhaozhou County—the study area of this
paper—where  there  are  no  large  rivers  or  lakes,
and groundwater is the only stable water source for
social and economic development. For 3D ground-
water flow models, the top elevation of the uncon-
fined  aquifer  is  a  fundamental  structural  input
parameter:  It  directly  determines  the  unsaturated
zone  thickness,  aquifer  lithology  configuration,
vertical  hydraulic  conductivity,  and  groundwater
evaporation intensity,  which are the key processes
controlling  the  accuracy  of  flow  field  simulation.
Therefore,  a  systematic  assessment  of  the  impact
of  elevation  input  data  uncertainty  on  model
performance  is  essential  to  improve  the  reliability
of  groundwater  numerical  simulation,  as  validated
by  numerous  case  studies  in  semi-arid  regions
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worldwide (Gaaloul, 2008).
With the  continuous  development  of  hydrogeo-

logical numerical  simulation  technology,  main-
stream  modeling  tools  and  aquifer  top  elevation
construction  methods  for  3D  groundwater  models
have been well established and widely applied. The
MODFLOW program has been widely recognized
by  the  global  hydrogeological  community  as  one
of  the  most  robust  and  standardized  tools  for
groundwater flow simulation and prediction, due to
its clear  modular  structure,  stable  numerical  solu-
tion,  and  scalable  functional  modules  (Harbaugh,
2005; Langevin  et  al.,  2022; Niswonger  et  al.,
2014; Panday  et  al.,  2013).  In  recent  years,  the
MODFLOW module  embedded in  the  Groundwa-
ter  Modeling  System  (GMS)  has  become  the
preferred  platform  for  regional  groundwater
modeling,  thanks  to  its  user-friendly visual  opera-
tion, efficient pre- and post-processing capabilities,
and  complete  interpolation  algorithm  library
(Chepkemoi  et  al.,  2023). Currently,  two  main-
stream  methods  are  widely  used  to  construct  the
top  elevation  of  3D  hydrogeological  models:  the
first  is  the  traditional  borehole-based interpolation
method, which generates the top surface by estab-
lishing  a  Triangulated  Irregular  Network  (TIN)  or
geostatistical interpolation  from  measured  bore-
hole  elevation  data  (Borgia  et  al.,  2011; Chen  et
al., 2022; Li et al., 2024); the second is the Digital
Elevation  Model  (DEM)-based  method,  which
uses  open-access  DEM  data  (such  as  the  Shuttle
Radar  Topography  Mission  (SRTM)  DEM  90M)
to generate the model top surface through interpo-
lation, which is increasingly used in regional-scale
modeling  with  sparse  borehole  data  (Cromwell  et
al., 2022; Woolfenden et al., 2022; Zangeneh et al.,
2023). Meanwhile, numerous studies have focused
on  the  uncertainty  of  groundwater  numerical
models,  confirming  that  input  data,  boundary
condition generalization,  and  stratum  simplifica-
tion  can  introduce  non-negligible  uncertainty  to
simulation results (Enemark et al., 2024). Scholars
have  also  proposed  multi-source  data  fusion,
stochastic simulation,  and  other  methods  to  quan-
tify  and  reduce  these  uncertainties,  emphasizing
that optimizing the modeling workflow with exist-
ing technology is as critical as studying groundwa-
ter  dynamic  distribution  (Wellmann  and  Caumon,
2018; Høyer et al., 2015; Lyazidi et al., 2020).

Despite the above advances, there remain certain
limitations  in  existing  research  regarding  the
systematic assessment  of  how  aquifer  top  eleva-
tion  data  affect  groundwater  simulation  results,
especially in semi-arid plain regions without large
surface  water  bodies.  First,  most  existing  studies

adopt  a  single  top  elevation  construction  method
for modeling,  and  few  have  carried  out  a  system-
atic comparative analysis  of  models with different
top elevation  inputs  under  identical  stress  condi-
tions in the same study area, making it difficult to
systematically clarify  the  advantages,  disadvan-
tages, and  applicable  scenarios  of  different  eleva-
tion data. Second, existing studies mostly focus on
the  overall  water  level  fitting  accuracy  of  the
model,  but  rarely dissect  the chain of  influence of
elevation  data  differences  through  the  path  of
unsaturated zone  thickness,  groundwater  evapora-
tion intensity, unconfined aquifer lithology config-
uration,  hydraulic  conductivity,  and  flow  field
distribution,  and  thus  fail  to  reveal  the  internal
hydrological  process  of  elevation  data  affecting
simulation results.  Third,  for semi-arid plain areas
such  as  the  Songnen  Plain,  where  groundwater
evaporation  is  the  core  discharge  term  and  the
hydrological  process  is  extremely  sensitive  to
unsaturated  zone  thickness,  targeted  research  on
the impact  of  elevation  data  on  model  perfor-
mance  is  still  very  scarce,  which  cannot  provide
reliable methodological guidance for regional high-
precision groundwater modeling.

To  address  the  above  limitations  of  existing
research,  this  study systematically  investigates  the
impact  of  different  aquifer  top  elevation  data  on
groundwater  flow  simulation  results  based  on  the
GMS-MODFLOW  platform,  taking  Zhaozhou
County,  Daqing  City,  Heilongjiang  Province  (in
the middle of the Songnen Plain) as the study area.
The  core  objective  of  this  study  is  to  assess  the
response  differences  of  groundwater  flow  field
simulations to  the uncertainty of  key model  struc-
tural  characteristics  (i.e.,  different  aquifer  3D grid
top elevation settings) under identical stress condi-
tions,  rather  than  pursuing  the  long-term predic-
tive capability of a single model. To this end, two
sets of 3D heterogeneous anisotropic transient flow
models  were  constructed:  One  uses  SRTM  DEM
90M elevation  data  as  the  model  top  surface,  and
the  other  uses  the  interpolation  surface  generated
by  25  measured  boreholes  and  14  supplementary
virtual  boreholes  as  the  top surface,  with  all  other
boundary  conditions,  source-sink  terms,  and
hydrogeological  parameters  kept  completely
consistent.  The  trial-and-error  method  combined
with the measured water  level  data  of  observation
wells was used to calibrate the models. By compar-
ing  the  performance  of  the  two  models  from four
dimensions:  Raw  data  error  characteristics,  water
level  fitting  accuracy,  unsaturated  zone  thickness
and  evaporation  response,  and  aquifer  lithology
and  hydraulic  conductivity  configuration,  and
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quantitatively evaluating model performance using
three statistical indicators including Nash-Sutcliffe
Efficiency  (NSE),  Root  Mean  Square  Error
(RMSE),  and  Coefficient  of  Determination  (R2).
This study is expected to provide new methodolog-
ical references and scientific basis for the construc-
tion of high-precision groundwater models in simi-
lar semi-arid plain regions.

 1  Study area

The  study  area  is  located  in  the  southwest  of
Heilongjiang  Province  (Fig.  1a),  in  the  middle  of
the  Songnen  Plain  (Fig.  1b).  The  administrative
district level is at the county level, under the juris-
diction  of  Daqing  City,  Heilongjiang  Province.
The county's administrative area is 2,445 km2, and
the grassland area accounts for a large proportion,
the  annual  temperature  difference  and  the  daily
temperature  difference  are  relatively  large,  the
annual average precipitation is  452.1 mm, and the
precipitation is concentrated from June to Septem-
ber,  accounting  for  about  80% of  the  annual
precipitation.

The landform of Zhaozhou County belongs to an
alluvial  plain,  with  the  topography  sloping  gently
downward  from  east  to  west  and  from  north  to
south,  and  the  landform  morphology  is  relatively
uniform  (Fig.  2a).  The  topographic  slope  was
calculated  using  Geographic  Information  Systems
(GIS)  software  based  on  the  SRTM  DEM  90M
dataset.  The  results  show  that  the  topographic
slope across the entire study area ranges from 0° to
2°,  corresponding  to  a  typical  gentle  terrain  area.
There are no natural rivers distributed in the study
area; surface runoff occurs only in the rainy season
of  wet  years  when  rainfall  is  abundant,  and  is
restricted  by  various  factors.  Surface  water

resources mainly rely on atmospheric precipitation,
with  evaporation  and  slight  vertical  infiltration  as
the  primary  discharge  pathways.  In  terms  of
geological structure, the area is mainly covered by
Cenozoic strata: The Quaternary System is widely
distributed  throughout  the  region,  while  the
Tertiary System  is  primarily  located  in  the  south-
ern  part.  The  vertical  stratification  characteristics
of the hydrogeological structure are as follows: the
shallow  layer  is  a  Quaternary  porous  phreatic
aquifer, with lithology dominated by silty clay and
fine sand, featuring a thin thickness, uneven distri-
bution,  and  weak  water-bearing  capacity;  beneath
it lie the Quaternary confined aquifer and Tertiary
confined  aquifer,  with  lithology  mainly  consisting
of medium sand, fine sand, and gravelly sand (Fig.
2c).  These  sand  layers  are  characterized  by  large
thickness,  extensive and stable distribution,  strong
permeability, and high water-bearing capacity.

Groundwater  in  the  study  area  is  mainly
recharged by atmospheric precipitation infiltration,
flows slowly from northeast to southwest (Fig. 2b),
and  is  discharged  through  artificial  exploitation
and  lateral  runoff.  The  shallow  groundwater  level
is  significantly  affected  by  seasonal  precipitation,
while the  deep  groundwater  level  is  mainly  regu-
lated by exploitation activities. The regional hydro-
geological  conditions  are  relatively  clear,  which
can provide  a  foundation  for  the  generalization  of
aquifers  and  parameter  partitioning  in  subsequent
numerical simulations.

 2  Hydrogeological model preparation

 2.1 Hydrogeological conceptual model

To establish the underground aquifer system in the
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Fig. 1 Geographical map of the study area. (a) geographical location of the Songnen Plain and provincial admin-
istrative boundaries; (b) location of Zhaozhou County (the study area) within the Songnen Plain
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study  area,  it  is  necessary  to  portray  the  main
factors such as the internal structure of the aquifer,
the water exchange situation at the boundary of the
study area,  and  the  temporal  and  spatial  distribu-
tion of the corresponding parameters in the system.
In  accordance  with  the  specific  hydrogeological
conditions, the elements that are weakly related or
unrelated  to  the  system  should  be  ignored  and
simplified appropriately in order to facilitate math-
ematical  expression.  The  generalization  process
mainly involves the following aspects: Generaliza-
tion  of  the  water  content  properties  of  the  study

area,  generalization  of  parameter  distributions,
generalization of  boundary  conditions,  and  gener-
alization of the simulation range of the study area.

This study created a coverage using the adminis-
trative  boundary  of  Zhaozhou  County,  which
serves as the natural boundary for all  aquifers and
defines  the  spatial  scope  of  the  model.  According
to  the  analysis  of  borehole  data,  the  study  area
aquifer is mainly composed of silt, fine sand, clay,
medium  sand,  and  mudstone  (Fig.  3).  Parameter
zoning  coverages  for  the  unconfined  aquifer,
aquitard and confined aquifer were created, and the

 

45
°3

0′
0″

N
45

°4
0′

0″
N

45
°5

0′
0″

N
46

°1
0′

0″
N

46
°0

0′
0″

N

Legend
A

A′

Administrative boundaries
Elevation/m

High: 227

Low: 124

100 20 40 km

200

155

155

1
5
5

185
170

155

140
125

125

1
2
5

140

17
0

N
EW

S

200/m

150

100

50

200/m

150

100

50

185
170
155
140
125
110

125: Example

Head value/m

Groundwater flow direction

Silty clay

Phreatic water level

Fine sand

Confined water level

Clay

Medium sand

Gravelly sand

Mudstone

Cross section of A-A′

125°00′0″E

(a)

(c)

(b)

 

Fig. 2 The  information  on  topographic  elevation,  township  distribution,  groundwater  flow  direction,  and  A-A'
hydrogeological  profile of  the study area.  (a)  topographic elevation and township distribution;  (b)  groundwater
flow direction; (c) A-A' hydrogeological profile
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Fig. 3 Three-dimensional geological profile
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hydrogeological  parameters  for  different  layers
were  comprehensively  determined  based  on  the
lithology. Subsequently, coverages for source-sink
terms  and  observation  points  were  gradually
created. The groundwater type in the study area is
pore  water.  Under  the  premise  of  considering  the
existing technical  level,  the water  exchange in the
unsaturated zone of the study area is appropriately
neglected and simplified, with the focus on analyz-
ing the  impact  of  changes  in  lithology  and  thick-
ness of the unsaturated zone on the water levels of
the saturated  aquifer.  By  integrating  this  informa-
tion,  we  generalized  the  groundwater  flow  as  a
three-dimensional transient flow system.

 2.2 Generalization of aquifer character-
istics

According  to  the  analysis  of  borehole  data,  the
aquifer medium  in  the  study  area  is  discontinu-
ously  distributed  in  the  vertical  direction.  Due  to
the alternating changes of the sedimentary environ-
ment, it is difficult to find a stable medium for the
distribution  of  the  unconfined  aquifer,  aquitard,
and  confined  aquifer.  Maintaining  the  structural
integrity  of  the  aquifer  system  and  adopting  a
reasonable  hydrogeological  generalization  scheme
can effectively  improve  the  reliability  of  ground-
water  flow  field  simulation  results  (Korus  and
Joeckel, 2022; Yang et al., 2009). In order to main-
tain the integrity of the aquifer system and improve
the  accuracy  of  groundwater  level  simulation
results,  this  study  generalized  silt  and  fine  sand
into  the  unconfined  aquifer,  and  clay  as  the
aquitard  between  the  unconfined  and  confined
aquifers;  medium  sand  and  gravelly  sand  were

generalized  into  the  confined  aquifer;  mudstone
was  generalized  into  the  watertight  boundary
(Fig. 4).

Spatially,  groundwater  flow  has  horizontal  and
vertical  modes  of  motion  in  accordance  with
conservation  of  energy  and  Darcy's  law,  so
groundwater  motion  can  be  generalized  to  three-
dimensional  flow.  The  input  and  output  of  the
groundwater  system  vary  in  both  time  and  space,
so  the  groundwater  in  the  study  area  is  unsteady
flow.  The  hydraulic  conductivity  is  not  exactly
equal  in  the  same  direction  at  each  point,  and  it
also varies spatially, reflecting the heterogeneity of
the  system.  The  hydraulic  conductivity  changes
with direction, reflecting anisotropy. Therefore, the
aquifer  can  be  generalized  as  non-homogeneous
and anisotropic. Based on the known hydrogeolog-
ical  data  of  the  study  area  and  the  analysis  of  the
dynamic changes of groundwater in the study area,
the  aquifer  in  the  study  area  is  generalized  as  a
three-dimensional,  non-homogeneous,  anisotropic,
and transient groundwater flow system.

Due to the continuous distribution of the gener-
alized  aquitard  in  the  study  area,  the  hydraulic
connection between the unconfined aquifer and the
confined aquifer is significantly weakened, so only
the  unconfined  aquifer  is  simulated  in  the  later
MODFLOW.

 2.3 Generalization of  boundary   condi-
tions

Lateral  boundary  generalization:  Groundwater  in
the  study  area  generally  flows  from  northeast  to
southwest. Based  on  the  hydrogeological  condi-
tions  of  the  study  area,  the  northeastern  boundary
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Fig. 4 Aquifer system profile
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(AB) is set as the inflow boundary (positive speci-
fied flow),  and  the  southwestern  (CD)  and  south-
ern (EF) boundaries  are set  as  the outflow bound-
ary  (negative  specified  flow),  which  is  realized  in
MODFLOW  using  the  Well  Package  (WEL)  to
assign specified flow rates, collectively referred to
as  specified  flow boundaries  (Fig.  5).  The  flow is
determined  based  on  the  hydraulic  conductivity
(K), thickness (M), and hydraulic gradient (I) (Qiu
et  al.,  2015).  Other  areas  have  no  obvious  water
exchange  and  can  be  generalized  as  no-flow
boundaries.  There  are  no  rivers  or  lakes  in  the
study area, so there are no head-dependent bound-
aries.
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Fig. 5 Boundary conditions of the study area
 

Vertical  boundary  generalization:  The  upper
boundary of the study area's groundwater system is
the free surface of the unconfined aquifer, and the
main  water  exchange  occurs  through  this  phreatic
surface with the external system, such as evapora-
tion discharge  and  atmospheric  precipitation  infil-
tration.  The  bottom  layer  of  the  deep  aquifer  is
treated as a no-flow boundary.

 3  Groundwater  Numerical  Simulation
Methods

In  traditional  groundwater  numerical  modeling,
dividing observation data  into  a  calibration period
and a  validation period is  a  conventional  practice,
aiming  to  verify  the  effectiveness  of  calibrated
model parameters under different stress conditions
(Konikow  and  Bredehoeft,  1992)  and  the  model's
predictive  capability.  However,  the  core  objective
of this study is to assess the impact of uncertainty
in key  model  structural  characteristics  on  ground-
water flow field simulations,  focusing on compar-

ing the response differences of models with differ-
ent  3D  grid  top  elevation  settings  under  the  same
stress  conditions  rather  than  pursuing  the  long-
term  predictive  capability  of  a  single  model.
Notably,  groundwater  models  are  essentially
embodiments  of  scientific  hypotheses  and  cannot
be truly  "validated";  a  good  fit  during  the  valida-
tion period  may  stem from the  mutual  compensa-
tion of conceptual  errors and parameter uncertain-
ties  (Konikow  and  Bredehoeft,  1992).  Beven
(1989) pointed  out  that  validation  relying  on  cali-
brated  initial  conditions  is  not  truly  valid,  and
parameter  interactions  can  result  in  multiple
parameter combinations that fit the data, making it
difficult to reflect the impact of model structure on
internal responses.  Moreover,  parameter  simplifi-
cation in traditional validation is prone to introduc-
ing  "structural  noise",  which  interferes  with  the
identification  of  the  impact  mechanism  of  target
variables (Hunt et al.,  2007). Therefore, this study
omits  the validation period,  and only presents  and
discusses the  fitting  results  and  statistical  indica-
tors of the calibration period, and focus on analyz-
ing the impact of changes in 3D grid top elevation
on  model  fitting  performance,  ensuring  that  the
research  logic  is  highly  aligned  with  the  core
objective.

In  this  study,  two  types  of  elevation  data  were
used:  DEM elevation  data  and elevations  from all
wellhead and virtual boreholes. The surface eleva-
tion data was obtained from the SRTM DEM 90M,
sourced  from  the  Geospatial  Data  Cloud  (China,
http://www.gscloud.cn/). For  the  second  simula-
tion, Kriging interpolation was performed using all
available well and observation borehole elevations,
as well as virtual borehole elevations inferred from
actual measurement data and stratigraphic trends.

 3.1 Governing Equations

This study uses MODFLOW implemented in GMS
to  simulate  groundwater  flow,  and  the  governing
partial  differential  equation  for  three-dimensional
groundwater  flow  solved  by  MODFLOW  is
(McDonald and Harbaugh, 1988):

∂
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Where: ,  and  represent  the  hydraulic
conductivity in the ,  and  directions (m/d); 
is the groundwater head (m);  is the time (day); 
is the source-sink term (1/d);  is specific yield.
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 3.2 Construction  of  the  three-dimen-
sional groundwater model

In this study, GMS software was used to establish
a  three-dimensional  groundwater  model  to  study
the influence of two types of elevation data on the
model  results.  The  software  is  highly  integrated
with GIS  and  has  excellent  visualization  capabili-
ties. It  can  provide  sophisticated  subsurface  char-
acterization  tools  and  improve  the  accuracy  of
groundwater modeling (Al-Areedhi, 2019).
 3.2.1    Spatial and temporal discretization
Before  simulation,  the  study  area  needs  to  be
discretized  into  grids,  and  the  size  of  the  grid
discretization  has  a  very  important  impact  on  the
modeling  accuracy  (Sahu  and  Jhariya,  2023).  The
scope of this simulation covers the entire county of
Zhaozhou.  The  most  commonly  used  3D  grid  in
GMS is  adopted,  dividing  the  study  area  into  100
rows and 100 columns in  the  horizontal  direction.
The cell spacing in the X-axis direction is 1,224.73
m,  and  the  cell  spacing  in  the  Y-axis  direction  is
1,106.85 m.  In  the  vertical  direction,  the  model  is
discretized  into  two  layers:  the  upper  layer  is
designated as the unconfined aquifer, and the lower
layer  serves  as  the  aquitard.  The  total  number  of
grid  cells  is  20,000,  including  7,386  active  cells
(Fig. 6).
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Fig. 6 Three-dimensional odel grid
 

Based on the available data, 2012, the year with
the  most  comprehensive  data,  is  selected  as  the
calibration period  for  this  simulation.  The  simula-
tion  period  is  from January  1,  2012,  to  December
31,  2012,  with  12  stress  periods  defined  for  the
simulation (Baalousha, 2012). Each stress period is
subdivided into three time steps.  The groundwater
levels of 2012 are used as the initial conditions for
the model.
 3.2.2    Initial value determination
Based  on  the  topography  and  geomorphology,
according  to  the  description  of  the  stratum  and
aquifer  configuration  in  the  survey  report  and
hydrological  report,  the  water-rich  distribution

pattern of the aquifer, as well as reviewing the rele-
vant numerical  modeling  literature.  The  uncon-
fined  aquifer  composed  of  multiple  media  in  the
study area is divided into 5 geological zones, while
the aquitard is not partitioned (Fig. 7).
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Fig. 7 Hydrological parameters zoning
 

The  key  zones  with  groundwater  extraction
marked  in Fig.  7 correspond  to  the  concentrated
multi-well  extraction  areas  for  farmland  irrigation
within the  study  area,  where  groundwater  dynam-
ics  are  predominantly  controlled  by  artificial
groundwater  extraction.  The  initial  hydrological
parameters of  these  zones  are  assigned  consis-
tently  with  the  hydrogeological  zones  they belong
to, and these zones are also predefined as the core
areas  for  source-sink  term  configuration  in  the
subsequent simulation procedures.

Hydraulic  parameters  such  as  horizontal
hydraulic  conductivity  (Kh),  vertical  hydraulic
conductivity  (Kv),  specific  storage  (Ss),  specific
yield (Sy), and effective porosity are defined. Each
of  the  hydraulic  parameter  values  in Table  1 is
selected  with  reference  to  the  comprehensive
hydraulic  conductivity  of  lithology  after  aquifer
generalization and previous research results in this
region. The  final  parameter  values  were  deter-
mined  by  the  trial  estimation-correction  method
from the subsequent model calibration stage.
 3.2.3    Calculation and treatment of source and sink

items
Source  and  sink  terms  represent  the  recharge  and
discharge of  the  groundwater  system.  Groundwa-
ter recharge  includes:  Rainfall  infiltration;  irriga-
tion  infiltration,  and  lateral  recharge;  while
discharge  includes  phreatic  evapotranspiration;
groundwater abstraction; and lateral discharge.

When  processing  irrigation  infiltration  recharge
data,  since  irrigation  primarily  occurs  on  arable
land,  the  2012 land use  map of  Zhaozhou County
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is input into ArcGIS, where the arable land area is
overlaid  with  the  township-level  administrative
map.  The  units  are  selected  for  division,  and
simplified treatment is carried out during the simu-
lation.  The  irrigation  infiltration  recharge  for  the
irrigation period from May to August, totaling 123
days,  is  converted  into  recharge  intensity  and
merged  into  the  rainfall  infiltration  recharge.  The
overlapping  areas  are  calculated  using  Microsoft
Excel.  The  rainfall  infiltration  is  calculated  using
the  same  recharge  coefficient,  and  is  simulated
using  Recharge  Package  (RCH)  (Kawo  et  al.,
2023).  The  rainfall  and  evaporation  of  the  study
area in 2012 are shown in Table 2.

After organizing  the  data,  the  ratio  of  agricul-
tural irrigation volume to the area of the township
is  used  to  estimate  the  equivalent  recharge  depth.
This value is divided by the irrigation period (123
days)  and  multiplied  by  the  irrigation  infiltration

recharge  factor  to  obtain  the  recharge  rate.  The
agricultural irrigation volume and recharge rate for
each  township  in  the  study  area  from  May  to
August 2012 are shown in Table 3.

The  lateral  recharge  is  estimated  based  on
hydrological  parameters  such  as  K,  M,  and  I,  and
is  approximately  2,263  m3/d  (AB),  while  the
discharge  amounts  to  approximately −1,231  m3/d
(CD) and −347 m3/d (EF).

According  to  the  relevant  project  reports  and
literature of the study area, the extinction depth of
evapotranspiration  is  4  m.  Evapotranspiration  is
calculated  based  on  data  from  the  Zhaozhou
County  meteorological  station,  and  a  uniform
phreatic  evaporation  coefficient  is  applied  across
the  region.  During  the  freeze-thaw period,  part  of
the  recharge  to  the  groundwater  system  comes
from  the  melting  of  water  in  the  frozen  soil;
however,  there  are  many  uncertain  factors  in  the

 

Table 1 Hydraulic parameters values

Type of aquifer Parameter partitioning Kh (m/d) Kv (m/d) Sy Ss (1/m) Effective porosity

Unconfined aquifer Ⅰ 4 0.4 0.1 0.3

Ⅱ-Ⅳ 6 0.6 0.1 0.3

Ⅴ 8 0.8 0.1 0.3

Aquitard 0.001 0.0001 0.000001 0.3

Notes: The starting head in the model uses the water level data observed in the observation wells on January 1,2012.

 

Table 2 Monthly rainfall and evaporation in 2012

Month 1 2 3 4 5 6 7 8 9 10 11 12
Rainfall (mm) 0.1 1.6 11.6 27.9 11.7 99.9 118.4 48.5 68.6 36.2 31.6 9.8
Evaporation (mm) 11.8 27 91.1 228.3 320.1 270 213.7 177.2 148.2 112.2 43.1 16.5

 

Table 3 Agricultural irrigation volume

Township Area (km2) Irrigation volume (104 m3) Recharge rate (m/d)
Shuangfa Township 145.52 151.7 0.000011
Tuogu Township 184.07 166.9 0.0000096
Zhaozhou Town 200.51 390.7 0.0000206
Yongle Town 175.88 185.6 0.0000112
Xinfu Township 358.79 333.1 0.0000098
Xingcheng Town 340.54 287.8 0.0000089
Fengle Town 132.2 174.7 0.000014
Yongsheng Township 136.03 164.7 0.0000128
Yushu Township 184.28 186.5 0.0000107
Chaoyanggou Town 156.05 189.7 0.0000128
Chaoyang Township 131.64 147.8 0.0000119
Erjing Town 230.37 297.7 0.0000137
Weixing Breeding Farm 85.06 60.1 0.0000075
Le Yuan Township 25.26 22.9 0.0000096
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calculation of this portion, and therefore it is often
not considered.

According to  analysis  of  groundwater  extrac-
tion  intensity  in  Zhaozhou  County,  groundwater
extraction  is  divided  into  point  extraction  of
groundwater  under  different  spatial  and  temporal
distributions,  and  groundwater  extraction  during
the  irrigation  period  from  May  to  August.  The
spatial distribution  of  the  aforementioned  irriga-
tion groundwater  extraction  areas  is  fully  consis-
tent with  the  key  zones  with  groundwater  extrac-
tion marked in Fig. 7. Then, according to the town-
ship's daily extraction volume and intensity zoning,
the groundwater extraction volume is distributed to
the  corresponding  grid  cells  and  simulated  using
the  Well  Package  (WEL)  (Kheirandish  et  al.,
2020).  The  major  recharge  coefficients  for  the
study area are shown in Table 4.
  

Table 4 Main coefficients for the study area

Study
area/
km2

Rainfall infiltra-
tion recharge
factor

Irrigation
infiltration
recharge
factor

Soil evapora-
tion coeffi-
cient

2,445 0.189 0.13 0.042
 

 3.2.4    Model calibration
A total  of  15  observation  wells  in  the  unconfined
aquifer were used in the study area, and the IDs of
the  observation  wells  were  G1,  G2,  G3,  G4,  G6,
G9,  G11,  G12,  G14,  G15,  G16,  G17,  G22,  G24,
and  G25  (Fig.  8),  respectively.  The  observed
groundwater  level  data  come  from  the  Zhaozhou
County Water Authority (China). The results of the
transient model simulation (calculated water levels
as of December 31, 2012) are shown in Fig. 8.
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Fig. 8 Distribution of  observation  wells  and  simu-
lated water level
 

The time series of calculated and observed water
levels  for  each  observation  well  are  shown  in
Fig. 9.

In this study, the model's performance was eval-
uated  using  statistical  indicators  such  as  Nash-
Sutcliffe  Efficiency  (NSE),  Root  Mean  Square
Error  (RMSE),  and  Coefficient  of  Determination
(R2).  A value of  NSE close  to  1  indicates  that  the
model's  simulation  results  are  highly  consistent
with  the  observed  values,  while  a  negative  value
suggests poor model performance. The Root Mean
Squared  Error  (RMSE)  measures  the  deviation
between  the  model's  calculated  values  and  the
observed  values,  with  a  smaller  value  indicating
better  model  performance  (Gao  et  al.  2023).  The
Coefficient of Determination (R2) is used to assess
the model's ability to explain the variability of the
data,  ranging  from 0  to  1,  with  values  closer  to  1
indicating that the model can adequately represent
for  the  variability  in  the  data  (Zhai  et  al.,  2023).
The statistical results for each observed and calcu-
lated value are shown in Fig. 10.

The  results  of  the  aforementioned  statistical
indicators demonstrate  that  the  model,  after  cali-
bration, has  reliable  parameters  that  can  effec-
tively reflect the hydrogeological conditions of the
study area. The calibrated hydrogeological parame-
ters  for  each  zone  are  presented  in Table  5.  It
should be noted that other hydrogeological param-
eters  were  not  adjusted,  as  they  were  already
consistent with the water level simulation results.

During the calibration process, since G1 and G2
could not be fully matched, a local calibration was
performed  for  G1  and  G2.  The  reasons  for  this
may be: (1) Potential inconsistencies in the param-
eter zoning. (2) G1 and G2 are located in ground-
water abstraction areas, where the abstraction rates
are not  accurately  quantified,  introducing  uncer-
tainty.  The  results  of  parameter  calibration  are
shown  in Table  6.  The  local  zoning  is  shown  in
Fig. 11.

 3.3 Construction of virtual boreholes

To address  the  potential  terrain  surface  interpola-
tion  distortion  caused  by  sparse  actual  borehole
data (only 25 in total), this study utilizes the Create
Borehole  tool  in  GMS  software  to  construct
supplementary  virtual  boreholes.  The  construction
process  adheres  to  the  principle  of  "actual
measurement  data  dominance",  strictly  controlling
the  proportion  of  virtual  data,  and  defines  three
standardized  steps.  It  should  be  noted  that  wells
numbered G5, G7, G8, G10, G13, G18, G19, G20,
G21,  and  G23  are  observation  wells  of  the
confined aquifer; thus, they were not imported into
the  model  for  unconfined  aquifer  calibration,  and
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only their original elevation attributes were utilized
in this study.
 3.3.1    Basis for quantity control
Taking  50% of  the  number  of  actual  boreholes  as
the baseline  while  considering  the  layout  require-
ments  of  key  areas,  this  study  has  a  total  of  25

actual  boreholes,  thus  setting  the  upper  limit  of
virtual boreholes at 12–13. After comprehensively
evaluating the necessity of layout in key areas (see
the distribution principles below), the final number
of virtual  boreholes  to  be  constructed  is  deter-
mined  as  14,  accounting  for  56% of  the  actual
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Fig. 9 Comparison chart of computed (red) and observed (black) water levels
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boreholes.  This  proportion  not  only  effectively
supplements  spatial  information  but  also  ensures
that  the  model  takes  actual  measurement  data  as
the absolute core.
 3.3.2    Elevation generation method

The top elevation of each virtual borehole is gener-

ated using a  two-step correction method to ensure
consistency  with  the  regional  topographic  trend
and local measured data:

Zsrtm

Reference Value  Extraction:  Extract  the  eleva-
tion at  the  coordinates  (x,  y)  of  the  virtual  bore-
hole  from  the  SRTM  DEM  data,  which  serves  as
the reference value .
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Fig. 10 Scatter Plot with Fit Line
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∆Z

Local  Correction:  Calculate  the  difference
between  the  SRTM  elevation  and  the  measured
elevation  at  the  nearest  actual  borehole  to  the
virtual borehole (i.e., local correction amount ),
and  correct  the  reference  value.  The  calculation
formula is as follows:

Zvirtual = Zsrtm−∆Z (2)

∆Z = Zsrtm,nearest −Zobs,nearest (3)

Zvirtual

Zsrtm

Zsrtm,nearest Zobs,nearest

Where:  refers to the final top elevation of the
virtual  borehole  (m);  denotes  the  SRTM
elevation  at  the  virtual  borehole  location  (m);

 and  refer to  the  SRTM  eleva-
tion and the measured top elevation of the nearest
actual borehole (m).
 3.3.3    Spatial distribution principles

The  spatial  locations  of  virtual  boreholes  are
arranged  based  on  the  principle  of  "filling  key
information  gaps"  (with  their  spatial  distribution
shown  in Fig.  12),  specifically  including  three
types of regions, as detailed in Table 7.
  

Actual boreholes

Virtual boreholes

SRTM DEM 90 M

222

194

166

138

110

142: Elevation value/m

S

N

EW

 

Fig. 12 Distribution of actual and virtual boreholes
 

 4  Comparative analysis  and   discus-
sion

 4.1 Original errors

 4.1.1    Error of SRTM DEM 90M

The SRTM DEM 90M data used in this study have
been systematically evaluated for their accuracy in
the  study  area  (Songnen  Plain).  According  to  the
research  by  Zhang  et  al.,  (2018),  the  elevation
deviation between the SRTM DEM 90M and topo-
graphic  data  in  the  Songnen  Plain  (Fig.  2a)  is
mainly distributed within the range of −2 m to 2 m.
 4.1.2    Error of borehole data

The interpolated terrain surface generated based on

 

Table 5 Hydrogeological  parameter  calibration  re-
sults

Parameter
partitioning

Hydraulic
conductivity (m/d)

Specific
yield

Ⅰ 4.57 0.06

Ⅱ 6.35 0.08

Ⅲ 7.64 0.12

Ⅳ 6.42 0.09

Ⅴ 8.95 0.14

 

Table 6 Ⅵ and Ⅶ, hydrological  parameter  calibra-
tion results

Parameter
partitioning

Hydraulic
conductivity (m/d)

Specific yield

Ⅵ 7.94 0.11

Ⅶ 7.89 0.11
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Fig. 11 Local zoning for G1 and G2

 

Table 7 Basis for the layout of virtual boreholes

Type Virtual borehole numbering
Information gap areas XN1, XN2, XN3, XN4, XN11
Areas with high topographic gradient (areas with distinct color transitions in Fig. 12) XN9, XN10, XN12, XN13
Boundary areas of the study area XN5, XN6, XN7, XN8, XN14
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39 control points (25 actual boreholes + 14 virtual
boreholes)  has  a  fundamentally  different  error
characteristics from  the  SRTM  DEM:  Measure-
ment error at specific borehole locations and inter-
polation error at locations without boreholes.

Measurement  Error  at  Specific  Locations：
Temporarily remove the value of one known point,
use  the  remaining  38  points  for  interpolation  to
predict  the  value  of  the  removed  point,  and  then
calculate the error between the predicted value and
the actual value. This method was applied sequen-
tially for all 39 points, and the results show that the
single-point error of borehole data ranges from −5
m to 10 m.

Interpolation Error  at  Locations  Without  Bore-
holes：This error is highly uncertain in this study
and cannot  be  quantitatively  described.  The  Krig-
ing interpolation algorithm performs data filling in
areas without boreholes, which may generate topo-
graphic features that do not actually exist.
 4.1.3    Surface Elevation Comparison
The  study  area  boundary  shapefile  is  imported  in
GMS, the model domain boundary is defined, and
the  above  boreholes  are  used  to  automatically
assign stratigraphy, The "Horizons to Solid" option
is  selected,  and  the  borehole  elevation  is  used  as
the upper boundary to construct the 3D groundwa-
ter  flow  model.  Other  conditions  remain
unchanged, and the model comparison after chang-
ing only the elevation is shown in Fig. 13.

From Fig. 13, it can be observed that the model
established by the borehole elevations (right panel)
shows no fine sand exposed on the surface.

 4.2 Comparison of simulation results

Without changing the source-sink terms, boundary
conditions,  stress  periods,  time  steps,  etc.,  the
model  is  rerun  using  the  borehole  elevation  data
for parameter  calibration.  After  parameter  calibra-

tion,  the  model  simulation  results  are  compared
with  those  obtained  using  SRTM  DEM.  The
comparison  results  further  reflect  the  impact  of
initial  elevation errors  on the model.  As shown in
Fig. 14, the results of the parameter calibration are
shown in Table 8.

Select  observation  wells  G9  and  G22,  which
have high degrees of water level agreement in the
study area, for error comparison (the errors in other
areas  are  relatively  greater),  and  the  comparison
results are shown in Fig. 15.

Based  on  the  data  comparison  in Fig.  15,  the
water  level  dynamics  of  the  models  constructed
using  the  two  types  of  data  meet  the  traditional
fitting  requirements.  However,  comparisons  of
statistical indicators  show  that  while  the  simula-
tion  results  using  borehole  elevation  data  are  to  a
certain  extent  representative,  the  results  simulated
with SRTM  DEM  elevation  data  are  more  accu-
rate with  relatively  smaller  errors,  and  thus  supe-
rior to those using borehole elevation data.

This  difference  directly  originates  from  the
initial  errors  of  the  two  elevation  datasets:  The
large single-point and interpolation errors of bore-
hole data are transmitted to the water level simula-
tion,  while  the  stable  small  deviation  of  SRTM
DEM ensures higher fitting accuracy.

 4.3 The  influence  mechanism  of
surface  elevation  on  unsaturated  zone
thickness

The deviation of simulation results is not isolated;
it further affects the key hydrogeological character-
istics  of  the  unsaturated  zone,  which  is  closely
related to surface elevation.

The  accuracy  of  surface  elevation  data  directly
affects  the  calculation  accuracy  of  unsaturated
zone  thickness.  The  unsaturated  zone  thickness  is
determined  by  the  elevation  difference  between
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Fig. 13 Surface elevation comparison (left - SRTM DEM, right - Borehole elevation)
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ground  surface  elevation  and  the  groundwater
level.  By comparing the models  constructed using

the two elevations datasets (Fig. 16), the following
key patterns are identified:
 4.3.1    Spatial deviation characteristics

The  SRTM  DEM  model  (Fig.  16 left)  shows  that
the  spatial  distribution  of  the  unsaturated  zone
thickness is smooth, which is consistent with topo-
graphic relief.

The  borehole  elevation  model  (Fig.  16 right)
shows systematic  overestimation  in  the  northeast-
ern  and  western  regions,  with  a  local  maximum
deviation of 6.0 m.

Points at the same position in typical areas were
selected  for  quantitative  analysis.  As  shown  in
Table  9.  The  relative  deviation  of  the  unsaturated
zone thickness between the borehole model and the
SRTM  model  reaches  40%–50%.  This  significant
deviation is attributed to the over-smoothed surface
elevation  of  the  borehole  model  (Section  4.1.3),
which distorts the elevation difference between the
ground surface and the groundwater level.
 4.3.2    Deviation formation mechanism

Sparse borehole data are insufficient to capture the
microtopography  identified  in  the  SRTM  DEM,
resulting  in  Kriging interpolation  generating over-
smoothed  surfaces  (Fig.  13 right).  Even  with  the
supplement of virtual boreholes, the terrain surface
is  still  constrained  by  the  limited  actual  borehole
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Fig. 14 Comparison of simulation results
 

Table 8 Hydrogeological parameter data

Parameter
partitioning

Hydraulic
conductivity (m/d)

Specific yield

Ⅰ 2.46 0.06

Ⅱ 4.88 0.07

Ⅲ 5.45 0.11

Ⅳ 5.31 0.08

Ⅴ 6.87 0.12
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Fig. 15 Statistical indicator comparison chart (left - SRTM DEM, right - Borehole elevation)
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data  (25  points),  and  therefore  cannot  reproduce
the local  microtopography reflected by the  SRTM
DEM.  This  over-smoothing  directly  leads  to  the
overestimation of unsaturated zone thickness in the
borehole model.
 4.3.3    Impact of hydrological processes

The  overestimation  of  unsaturated  zone  thickness
will  lead  to  the  underestimation  of  groundwater
evaporation,  the  extension  of  rainfall  infiltration
path,  and  the  enhancement  of  the  recharge  lag
effect.

To  further  clarify  the  relationship  between
unsaturated  zone  thickness  and  evaporation,  an
experiment  was  conducted  using  data  from  point
P2:  The  entire  surface  elevation  of  the  SRTM
model was globally adjusted via the Data Calcula-
tor tool (GMS), and the flow budget (ET flow out)
in May (when evaporation at P2 is maximum) was
evaluated. The results are shown in Table 10.

The data show that the relationship between the
two is consistent with existing research results (He
et  al.,  2024):  The  unsaturated  zone  thickness  and
evaporation  are  nonlinearly  negatively  correlated.

When the thickness increases from 6.5 m to 9.1 m
(consistent with the overestimation in the borehole
model), the evaporation decreases sharply by 93%
(from  93.92  m3/d  to  6.34  m3/d).  This  means  that
the  overestimation  of  thickness  in  the  borehole
model will  significantly  underestimate  groundwa-
ter  evaporation,  thus  distorting  the  groundwater
balance calculation.

It should be noted that the non-zero ET flow out
(6.34 m3/d) at an unsaturated zone thickness of 9.1
m  (exceeding  the  preset  4  m  extinction  depth)
seems  to  contradict  the  theoretical  assumption  of
"no  evaporation  beyond  4  m".  However,  this
phenomenon  essentially  reflects  the  inherent
"parameter  combination  effect"  in  groundwater
numerical  simulations  (Konikow  and  Bredehoeft,
1992).  The  evaporation  simulation  here  is  not
determined  by  extinction  depth  alone,  but  jointly
regulated by multiple parameters. For example, the
relatively high  comprehensive  hydraulic  conduc-
tivity  (corresponding  to  the  fine  sand  lithology  in
the  SRTM  model,  see  Section  4.3)  enhances  the
upward  migration  of  deep  soil  water,  while  the
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Fig. 16 Comparison  of  spatial  distribution  of  unsaturated  zone  thickness  (left - SRTM  DEM,  right - Borehole
elevation)

 

Table 9 Analysis of unsaturated zone thickness

Position SRTM DEM thickness (m) Borehole model thickness (m) Relative deviation (%)

Northeast P1 8.2 12.3 50.0
Western P2 6.5 9.1 40.0

 

Table 10 Variation of ET flow out with unsaturated zone thickness

Type Values
Unsaturated zone thickness (m) 6.5 8 9 9.1 10

ET Flow Out (m3/d) 93.92 30.68 7.14 6.34 0
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appropriate specific yield shortens the water migra-
tion  path—these  parameter  interactions  offset  the
theoretical  restriction  of  the  4  m extinction  depth,
resulting  in  non-zero  evaporation  at  thicknesses
greater  than  4  m.  This  verifies  the  core  viewpoint
of  Konikow  and  Bredehoeft  (1992):  Groundwater
model  results  are  the  product  of  multi-parameter
interaction,  rather  than  the  direct  reflection  of  a
single theoretical assumption.

 4.4 The  influence  mechanism  of
surface  elevation  on  the  lithology
configuration of unsaturated zone

In  addition  to  unsaturated  zone  thickness,  surface
elevation errors also affect the lithology configura-
tion of the unsaturated zone, thereby changing the
hydrogeological  parameters  and  further  affecting
the simulation results.

By distorting  the  spatial  form  of  the  strati-
graphic  interface,  surface  elevation  error  leads  to
errors in the vertical distribution of lithology in the
unsaturated zone.  In  the  area  of  maximum  devia-
tion  (around  G9  in  the  northeast),  a  profile  is
generated  along  the  groundwater  flow  direction
(Fig. 17), revealing the following patterns:

According  to  the  existing  water  level  data
combined with simulated water level data analysis,
fine  sand  exposed  at  the  surface  is  distributed  in
the  unsaturated  zone  when  the  water  level  is  low.
Combined with parameter partition III and Fig. 17,
Table 11 is obtained.

From the  above analysis,  elevation  error  causes
an increase in the unsaturated zone thickness of the
borehole  elevation  model.  This  not  only  changes
the  lithology  composition  of  the  unsaturated  zone
(adding  silt),  but  also  reduces  the  hydraulic
conductivity  by  29% (from  7.64  m/d  to  5.45
m/d)—this  parameter  change  further  weakens
vertical  infiltration,  eventually  resulting  in  water
level  simulation  deviation  in  the  borehole  model,
forming  a  progressive  effect  of  "surface  elevation
error, unsaturated zone lithology deviation, hydro-
geological  parameter  alteration,  and  water  level
simulation deviation".

 5  Conclusions and suggestions

Using  GMS  software,  this  study  systematically
reveals  the  key  influence  mechanism  of  surface
elevation data  accuracy  on  groundwater  simula-
tion  by  comparing  groundwater  flow  models  of
Zhaozhou  County  constructed  using  SRTM  DEM
and  borehole-interpolation  elevations,  clarifying
the  application  advantages  of  SRTM  DEM  in
regional groundwater  modeling  with  sparse  bore-
holes, and  expanding  the  research  scope  of  struc-
tural uncertainty in groundwater numerical simula-
tion. The main conclusions are as follows:

(1) This study demonstrates that in regions with
gentle  terrain  but  microgeomorphic  features,
SRTM  DEM  90M  is  more  suitable  for  satisfying
the  topographic  foundation  requirements  of
regional  groundwater  simulation,  compared  to  the
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Fig. 17 Lithology configuration difference
 

Table 11 Comparison of lithology-hydraulic parameters of G9 unsaturated zone

Type SRTM DEM model Borehole elevation model
Lithology of unsaturated zone Fine sand Silt, fine sand
Hydraulic conductivity (m/d) 7.64 5.45
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interpolation of  actual  boreholes  and  virtual  bore-
holes.

(2) The over-smoothed terrain induced by bore-
hole interpolation is the core cause of deviations in
unsaturated zone  thickness  and  lithology  configu-
ration.  This  deviation  continuously  impairs  the
reliability of groundwater simulation results via the
progressive  pathway  of  "surface  elevation  error,
unsaturated zone lithology deviation, hydrogeolog-
ical  parameter  alteration,  and  hydrological
processes". Even if the water level dynamic fitting
meets the required standards, the simulated hydro-
logical  processes  will  be  unreliable  if  there  are
systematic  deviations  in  the  unsaturated  zone
thickness  and  lithology  configuration.  Therefore,
model  calibration  should  not  only  focus  on  water
level  fitting,  but  also  incorporate  a  rationality
assessment of  the  spatial  structure  of  the  unsatu-
rated zone.

(3)  This  study  verifies  the  dominant  role  of  the
"parameter  combination  effect"  in  simulation.
Simulation  results  are  essentially  the  integrated
product  of  multi-parameter interaction.  This  high-
lights  that  the  synergistic  influence  between
parameters  should  be  emphasized  during  model
calibration.

The  limitations  of  this  study  are  that  the  study
area  is  situated  in  a  plain  region  (Zhaozhou
County)  with  relatively  gentle  terrain,  so  its
conclusions  should  be  applied  cautiously  when
extended to mountainous areas with dramatic topo-
graphic  relief.  It  is  recommended  that  future
research explore the impacts of DEMs with differ-
ent  resolutions  on  model  performance,  especially
under  complex  topographic  conditions,  so  as  to
establish  more  universal  criteria  for  model  top
boundary construction.
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