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Abstract This paper explored the linkage between his-
toric, current and future land use/land cover (LULC) con-
ditions and peak flow and runoff volumes in a coastal
community in Alabama in an effort to identify critical areas
for downstream flooding. The study demonstrated that
critical areas cannot be determined intuitively without
conducting modeling studies. The study watershed, Eight-
mile Creek, experienced approximately 48 % forest loss
between 1966 and 2011 largely due to urbanization. Res-
idential development is expected to continue mostly in the
central part of the watershed in the near future. Historic,
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current and future LULC maps were developed by pro-
cessing aerial imagery, which were used in the HEC-HMS
hydrologic model to study flood risk. An index method was
applied to estimate the contribution of different parts of the
watershed to downstream peak flows. The model showed a
significant increase in peak flow and runoff volume from
1966 to 2011 and from 2011 to 2022 due to urbanization.
The sensitivity of peak flows to LULC change decreased
with increasing storm return periods, but the order of
importance of different parts of the watershed, in terms of
flooding, did not change significantly. Results of this study
demonstrate the need for sustainable development by tar-
geting areas that can have the least impacts on downstream
flooding. The methodology presented in this paper can help
decision makers propose land use alternatives to minimize
adverse environmental impacts.

Keywords Land use - Land cover - Urbanization -
Flooding - HEC-HMS

Introduction

The population of coastline counties in the USA has grown
steadily in recent decades, with a 39 percent increase (34.8
million people) from 1970 to 2010. By 2020, US coastal
population density is projected to increase by 37 persons per
square mile, as compared to an increase in 11 persons per
square mile for the USA as a whole (U.S. Census Bureau 2011;
Woods and Poole Economics, Inc. 2011). Due to increases in
human population and economic development, rate of defor-
estation, urbanization and other types of land use/land cover
(LULC) changes have accelerated. Land use changes and land
cover disturbances can affect hydrological processes by
modifying evapotranspiration rates, flood peaks, sediment

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10113-016-0931-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10113-016-0931-5&amp;domain=pdf

1834

N. Noori et al.

transport rates, concentration of water quality constituents and
many other processes (Eshleman 2004). Impact of LULC
change on peak flow and runoff volume are observed mostly at
low intensity and frequent rainfall events, because small
flooding events are more sensitive to urbanization than large
flooding events (Saghafian et al. 2008; Chen et al. 2009; Amini
etal. 2011, Olang and Furst 2011, Du et al. 2012). During very
intense, infrequent events, precipitation rates can substantially
overwhelm infiltration capacity and soil surfaces begin to
behave similar to impervious surfaces. However, it is noted
that extreme events may still experience increased flows in
urbanizing watersheds due to greater hydraulic efficiency
(Smith et al. 2002). Reduction in evapotranspiration due to
urbanization during the growing season can elevate peak flow
rates and annual discharge volumes (Boggs and Sun 2011).
The effect of LULC changes on peak discharge and runoff
volume will be severe in areas with high rates of deforestation
and agricultural expansion (Olang and Furst 2011).

Assessment of how LULC changes over time and how
these changes affect streamflow can be achieved through
field observations or simulation modeling. Field studies are
expensive and very time-consuming. Results are also
generally local and nontransferable. Thus, watershed
models are commonly utilized to assess or predict the
effect of urbanization and, in general, LULC changes on
streamflow. The effect of urbanization on hydrological
responses of watersheds have been well studied (Birkin-
shaw et al. 2011; Taubenbock et al. 2011; Dixon and Earls
2012; Du et al. 2012; Qaiser et al. 2012; Verbeiren et al.
2013). These studies, in general, show that forest-to-urban
conversion, especially in upstream areas, increases peak
discharge and runoff volume in downstream locations.
Increasing urbanization, in terms of both area and intensity,
could lead to higher water elevations during flood events,
and as a consequence, flood inundation can extend into
much larger areas. Further, the sensitivity of hydrologic
response to urbanization decreases as the return period of
rainfall events increases (Verbeiren et al. 2013).

Although the literature is replete with modeling studies
scrutinizing the changes in streamflow under varying LULC
conditions (Olang and Furst 2011; Taubenbock et al. 2011;
Dixon and Earls 2012; Qaiser et al. 2012; Ty et al. 2012),
fewer studies looked at the effect of LULC spatial config-
uration (specifically imperviousness) on the streamflow
pattern (Mejia and Moglen 2009, Zhang and Shuster 2014).
Almost no study exists focusing on identifying areas that
would be least preferable for the development in the future
when their impacts on downstream flooding are concerned.
The emphasis in most past studies has been how peak flow
and/or surface runoff volume respond to urbanization. The
spatial pattern of urbanization in conjunction with its
intensity can play a crucial role in downstream hydrological
fluxes. Studies on this topic explored this problem either
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qualitatively or at a course scale (Zhou et al. 2013). Same
level of urban development (or imperviousness) in different
parts of a watershed could have varying levels of contribu-
tions to streamflow volume and peak at downstream loca-
tions due to differences in topography, soil characteristics
and location within the watershed. Estimating spatial pattern
of potential flood generating areas in a watershed would be
more beneficial than only providing the flood inundation
maps for urban planners. Decision makers can concentrate
their efforts and resources in those areas to minimize the
negative impacts of future development on environment
(Verbeiren et al. 2013).

This study validated and applied an index-based method
developed by Kalin and Hantush (2009) to a coastal
watershed near the city of Mobile in southwest Alabama, to
probe potential impacts of urbanization on flooding as well
as to identify key areas in the study watershed that can have
higher contribution to downstream flooding if developed.
This method was applied to a mountainous watershed in
the previous study. The flat terrain of the study area has
been sensitive to flooding because of the abundance of
rainfall. Also, because of ongoing urban development,
flood risk will continue to be a major concern in the near
future. It was hypothesized that the most sensitive areas to
downstream flooding are not near the outlet and even
urbanization in the most upstream part of the watershed can
play an important role in downstream hydrological fluxes.
To define this hypothesis, three LULC conditions were
considered in the watershed: 1966 (historic), 2011 (current)
and 2022 (future). Future LULC was generated by working
closely with the local planning commission. The effects of
historical and potential future LULC changes on stream-
flow were assessed for 1-, 10-, 25- and 100-year return
period storms, and sensitive areas within the watershed
were identified based on their contribution to downstream
flooding. Results of this study showed that distributed
watershed models are needed in order to better identify the
most critical areas in terms of downstream flooding. This
provided input to municipal subdivision regulations within
the study area to help them make science-based decisions
in their feature development plans.

Study area

The Eightmile Creek (EMC) watershed is located in
southwest Alabama near the city of Mobile (Fig. 1).
Eightmile Creek joins the Chickasaw Creek at its conflu-
ence with Mobile River flowing into the Gulf of Mexico. A
significant portion of this watershed is located within the
city limits of Mobile, Prichard and Chickasaw. The study
area has a mild subtropical climate with hot and humid
summers and mild and rainy winters. The long-term
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Fig. 1 Eightmile Creek watershed in southeast Mobile County, AL

average annual precipitation and mean temperature are
1578 mm and 19.6 °C, respectively (NOAA National Cli-
mate Data Center). Soil in this watershed is uniformly
distributed and is mostly sandy soil with moderate per-
meability. The watershed has an area of 89.1 km? with the
elevation ranging from ~0 to 24 m above mean sea level
(MSL). The area is no stranger to frequent extreme events,
especially hurricanes. For instance, Hurricane Danny was
directed northeast through the Gulf of Mexico and Mobile
Bay on July 19, 1997, and dropped 330 mm of rain to the
EMC watershed.

Dominant LULC types in 2011 in the study area were
45 % forest, 29 % developed area including residential and
commercial areas and 11 % wetland and riparian areas
(Fig. 2). Most of the eastern part of the study area is
already developed and according to the city of Prichard,
approximately 15-km? (17 %) additional residential area
with medium intensity in the central and western part of the
watershed is expected by 2022. When combined with
abundant rainfall, the flood risk will be a major concern in
the near future in this area. Understanding increased risk
and severity of downstream flooding as a consequence of
future developments in this watershed would help planners
allocate land for the development and/or preservation.

Methodology
Historic, current and future LULC

To evaluate LULC changes over time and to see how
locations of these changes affect flow characteristics, his-
toric, current and future LULC conditions were considered
for the EMC watershed. The aerial photographs of the

study area corresponding to 1966 were acquired from the
Auburn University Library (1.75 m x 1.75 m), and aerial
photographs of 2011 were obtained from the National
Agriculture Imagery Program (1.0 m x 1.0m). Applying
the eCognition image analysis software 8.0 (Definiens
2009), the aerial photographs were classified based on
Anderson Level I classification (Anderson et al. 1976).
Object-oriented image analysis (OBIA) was carried out by
developing set of rules to hierarchically classify image
segments. OBIA approaches image analysis by combining
spectral information as well as spatial information such as
texture and contextual information in the image (Flanders
et al. 2003). After creating 12 major categories of land
cover at the modified Anderson Level I scheme, classifi-
cation samples were selected for each category. Based on
the samples collected, a nearest neighbor algorithm was
applied. Finally, the classified image objects were merged
into respective classes, and then, the merged classes were
exported in a vector format as an output to produce the land
cover maps. The ancillary data, such as land use map from
the city of Prichard, were also used for developing 2011
land cover map and a future projection map. The kappa
statistics calculated for 1966 and 2011 are 0.797 and 0.822,
respectively. The overall accuracy of generated maps for
year 1966 and 2011 is 81.9 and 84.0 %, respectively. The
strength of agreement is considered to be good and very
good for the year 1966 and 2011, respectively. Figure 2
shows LULC for years 1966 and 2011.

In 2012, we worked closely with the city of Prichard to
predict and overlay future development of the watershed
for the next 10 years onto the 2011 LULC map in ArcGIS
10.0 (ESRI 2010) to develop the 2022 LULC map. The
predicted LULC map suggests continuing increase in
medium intensity residential area by 17 % during
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Fig. 2 LULC map of the EMC watershed in a 1966 and b 2011. The land use types were classified based on Anderson Level I classification

2011-2022. This confirms that urbanization is one of the
most important driving forces resulting in the general
trends in land use change in the future.

Changes in LULC from 1966 to 2011 and from 2011 to
2022 are presented in Table 1 and Fig. 3. Main LULC
change is the conversion of forest to open space and resi-
dential areas with 48 and 21 % forest loss from 1966 to
2011 and from 2011 to 2022, respectively. Eight sensitive
or potential flood generating areas based on LULC changes
from 1966 to 2011 and eleven sensitive areas based on the
expected LULC changes from 2011 to 2022 were consid-
ered (Fig. 3a, b).

HEC-HMS model

The Hydrologic Engineering Center—Hydrologic Modeling
Systems (HEC-HMS), a watershed-scale hydrologic
model, was applied in this study to explore the impacts of
LULC changes on peak flow and runoff volume in the
EMC watershed. HEC-HMS has extensively been used in
assessing the effects of LULC changes (predominantly
urbanization) on hydrologic processes (Wan and Yang
2007; Lin et al. 2009; Chen et al. 2009; Verma et al. 2010;
Ali et al. 2011; Amini et al. 2011, Du et al. 2012).

To calculate streamflow using the HEC-HMS model, the
kinematic wave transform method was used to compute
direct surface runoff hydrographs, and the exponential
recession method was used for baseflow calculation. Run-
off volumes were computed using the Soil Conservation
Service Curve Number (SCS-CN) method. The SCS-CN
method has been in existence for about 50 years and is a
popular means of estimating storm runoff from rainfall
events (Hawkins et al. 2009). It estimates the rainfall
excess as a function of cumulative rainfall, land use, veg-
etation and antecedent soil moisture condition. The SCS-
CN runoff equation is

(P+1L) .
= ) ifp>g, else Q=0 1
O=p_L s "F2le ebe@ m
L=S 2)
25,4
s=240 554 o<cN<i00 (3)

CN

where Q = direct runoff (mm), P = total rainfall depth
(mm), S = potential maximum retention (mm), I, = ini-
tial abstraction (mm), A = initial abstraction ratio and
CN = curve number. The empirical value of 4 suggested

Table 1 LULC changes from
1966 to 2011 and from 2011 to

19662011 (%) 2011-2022 (%)

2022 for the EMC watershed

; Forest to developed
(Fig. 1)

Agriculture/grass/hay to developed

Wetland to developed

Open space/low developed to medium/high developed
Open space to low/medium/high developed

Forest to agriculture/grass
Forest loss

15.7 9.3
4.7 0.6
0.9 0.2
4.2 0.8
5.8 0.3
0.2 -

48.4 20.9
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Fig. 3 LULC change maps:

a 19662011 (main LULC
conversion from 1966 to 2011),
b 2011-2022 (potential future
development locations). Black
circles show the potential flood
generating areas; green circle
shows the flood-prone area
(color figure online)
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by SCS (1972) is 0.2. However, the validity of this
assumption has been questioned in many studies (Jiang
2001; Woodward et al. 2003; Mishra and Singh 2004;
Baltas et al. 2007; Shi et al. 2009; Fu et al. 2011; Gao
et al. 2012). For event rainfall-runoff data, / value varies
from storm to storm and from watershed to watershed.
Jiang (2001) used both event-based and model fitting
methods from 307 watersheds in the USA to evaluate A4
and found that most of the A values were less than 0.2 and
a rounded value of 0.05 was more appropriate than
/. = 0.2 for runoff calculations. When A = 0.05, the CN
values should be updated according to the following
formula (Jiang 2001)

100

100
1.879 {—CNM

CNo.os = (4)

1.15
1} 11

Before studying the LULC impacts on the streamflow in
the EMC watershed, the model performance was tested
using 4 years of streamflow data (1996-2000) provided by
the US Geological Survey (USGS). Figure 1 shows the
location of the USGS gage. The model was run using
hourly precipitation data from the NCDC Mobile Regional
Airport station and the 2001 National Land Cover Database
(NLCD). Generated peak flows and runoff volumes from
several selected big events were assessed qualitatively

@ Springer
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through graphs and quantitatively through the coefficient of
determination (R?), Nash—Sutcliffe efficiency (Enasy) and
bias ratio (Rgyas) (Moriasi et al. 2007). The model was also
run with both 4 values to see whether A = 0.05 indeed
provides superior results.

Once the model was tested, effects of different LULC
conditions on peak flows and runoff volumes were evalu-
ated. The model was run with design storms having return
periods of 1, 10, 25 and 100 years to generate peak flows at
a site identified as flood-prone area (Fig. 3b). This site was
chosen based on the observations and after discussions with
the city of Prichard planning division. The effect of LULC
changes can be assessed in other parts of the watershed in a
similar manner. Table 2 shows the storm depth for differ-
ent return periods obtained from the Alabama Rainfall
Atlas (http://bama.ua.edu/ ~rain). NOAA Atlas 14 was not
available for the study area when the study was conducted.

Index method

To identify the areas in the EMC watershed potentially
playing critical roles in downstream flooding, the index
method developed by Kalin and Hantush (2009) was val-
idated and applied. Two LULC change periods were con-
sidered: (1) from 1966 to 2011 and (2) from 2011 to 2022.
First, the HEC-HMS model was run using the 2011 LULC
for various design storms to estimate the peak flows (Q) at
the identified downstream site. Next, it was assumed that
all the sub-watersheds have the 2011 LULC with the
exception of sub-watershed j retaining its past status, i.e.,
1996 LULC. The model generated peak flow at the
downstream site with this LULC setup was denoted as Q;.
The following metrics are defined to assess the potential
relative impact of element j on the peak flow:

_(%_
Q = (Q 1) % 100 (5)
Q;
‘/jj:Aj/A (6)

where A; is the area of element j and A is the area of the
watershed draining to the downstream site. In €, impact of
LULC changes on peak flow is captured without

considering the area impact. The -index, on the other
hand, is suitable for assessing the impact of LULC changes
per unit area. By computing ; for j = 1, ..., m, the sen-
sitive areas in the watershed can be ranked from most
critical to least critical. This can provide valuable infor-
mation to decision makers and urban planners in that they
can focus on those areas in the watershed having the
highest contribution to the downstream flooding.

The same procedure was repeated for the transition of
LULC from 2011 to 2022. In this case, it was assumed that
all the sub-watersheds have the 2022 LULC with the
exception of sub-watershed j retaining its past status (i.e.,
LULC of 2011). The model was run under this LULC
setup, and peak flows were generated at the downstream
site to calculate the Q and  indexes.

Results and discussion
HEC-HMS validation

Figure 4 compares generated streamflow hydrographs by
HEC-HMS using 4 values of 0.05 and 0.2 to observed
hydrographs for some selected large events from the
period 1996-2000. Large events were purposely selected,
because the focus of this study is on flooding. As shown
in Fig. 4, the simulated hydrographs closely match the
observed streamflow hydrographs when 4 = 0.05. Taking
Moriasi et al. (2007) as base (although they suggested the
model rating performance for monthly time step),
observed streamflow and generated streamflow using
A =0.05 for 12 storm events were compared. For peak
flows, Enashs R? and Rgias values were 0.97, 0.98 and
13 %, respectively, which is considered “good” to “very
good” according to Moriasi et al. (2007). For runoff
volumes, Exasi, R and Rgjas values were 0.71, 0.94 and
—7 %, respectively, and the model performance was
again “good” to “very good.” Figure 5 shows scatter
plots of simulated peak flows and runoff volumes versus
observed counterparts for both 4 values. Note that none of
the default model parameters were fine-tuned or calibrated
in reaching to these results.

Table 2 24-h storm

g Return period (year
characteristics p (year)

Rainfall depth (cm) Maximum intensity (cm/h)

1
10
25
100

9.4 2.4
16.8 42
19.3 4.9
27.3 6.9

Note that the time of concentration of the EMC watershed is about 18 h. Thus, 24-h duration storms were

selected

@ Springer


http://bama.ua.edu/%7erain

Identifying areas sensitive to land use/land cover change for downstream flooding in a... 1839

(a)
140 - 0
1
_ 120 F2
2 -3
£ 100 3 -
S = Rainfall . -4 £
. lg &
% 80 - —e— Observed . =
& o | *0eer Simulated (CNO.2) \3 'g &
g = == Simulated (CN0.0S) g -%
9 40 ) o
f=] -9
@ 20 ) - 10
_ g - F11
0 - 1 1 1 N — o at] 12
0000000000000 00 Q9
eeefgeeegcoeeeeeecQ
SNBSS OVANGSBANIS 6N &
- - - - - - - -
(C)IO 0
of
—
w 8
£ | 1A
KA . Rainfall £
2 6 - ——e—oObserved S,
O 5| *+e+e+Simulated (CNO.2) Lo =
& — = Simulated (CN0.05) &
E 41 £
«
3 [}
g 2 r3 &
(%]
14
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 4
[= 3N =2 = R = I I = R e I = B e i = B = = I = I = I = B = I = I = I =]
eeeeeeeeeeeeeeeeere

(b)
0
- 0.5
£
< 1 E
3
% 15 ~=‘i
©
e 2 &
= ‘T
> o
v 2.5
1 1 1 1 1 1 1 1 1 1 3
©O 0O 0O 009000 00O 9O OO
el
S H NS NN Ot AN M
- N ~ - - - - N
(d) 16 0
. 14 L1
(%) 12 —
g £
o -2
3w S
o =
= 8 -3 8
£ £
s 6 mmm Rainfall La 8
s, f —e—Observed
) B : 8, v
J = =Simulated (CN0.05) “Seggg- 5
2 «+eeeeSimulated (CNO.2)
0 1 1 1 1 1 1 1 1 6
©C ©O O O O OO0 OO0 © © o o o
- - R - E-E-EEEEER
O AN dOoOmoVa N I &S
- = = - = - N

Fig. 4 Observed and HEC-HMS generated flow hydrographs with 2 = 0.2 and 2 = 0.05 for some selected events: a March 7, 1998; b January 7,

1997; ¢ March 18, 2000; and d March 13, 1997
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Peak flow and runoff volume response to LULC

change

HEC-HMS was run under each of the three LULC condi-
tions and with design storms having return periods of 1, 10,
25 and 100 years. Peak flows and runoff volumes at the

flood-prone area are shown in Fig. 6. LULC changes have
a larger impact on peak flows than on runoff volumes. The
1-year return period peak flow generated under LULC 2022
and the 10-, 25- and 100-year return period peak flows
generated under both LULC 2011 and 2022 are all larger
than the critical flow for the bankfull stage (~40 m3/s).
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This indicates how urban development in this watershed
can cause the stream overflow its banks and flood the
nearby areas. Conversion of forested land to urban areas
led to significant increase in peak flow and runoff volume,
both from 1966 to 2011 and from 2011 to 2022. This is
more noticeable for small storms. The relative impacts of
urbanization on peak flow and runoff volume decrease with
increased storm return period. This finding agrees with
previous studies that flood magnitude of rare events is less
sensitive to increases in percent imperviousness than those
with shorter return periods in a watershed (Du et al. 2012).

Flood indexes
1966-2011

The Q and  indexes were calculated for the eight selected
sensitive areas (see Fig. 3a) to assess the impacts of LULC
changes from 1966 to 2011 on peak flow and to rank the
sensitive areas based on their contribution to downstream
flooding. According to Fig. 7a, the top three areas in terms

of their impact on peak flows at the selected site, in order,
were 3, 5 and 4. If the LULC of Area 3 had remained in its
1966 conditions, then the peak flows would have been
14-19 % smaller depending on the return period of the
storm. Similarly, if the LULC of Area 5 had remained in its
1966 conditions, then the peak flows would have been
12-15 % smaller depending on the return period of the
storm. In case of Area 4, the corresponding reduction
would have been 10-13 %. Note that none of these three
areas (i.e., 3, 4, 5) have the largest area (Table 3). On
average, imperviousness in these three areas increased
about 15.3 % from 1966 to 2011 and mostly was due to
conversion of forest (5.7 %), wetland (5.3 %) and pasture/
hay (3.3 %) (Table 3). Areas 1 and 8 are the largest in
terms of area. Interestingly, although Area 3 had the largest
impact, the increase in CN in Area 3 (49) was not larger
than the increase in CN of any other areas (varied from +9
to 417, Table 3). These indicate the complex interaction
between various factors, such as topography, soil, LULC
and topology that collectively derive hydrology. Effects of
urbanization on hydrologic responses depend on the spatial

Fig. 6 Changes in runoff (a) 35 10
volumes and peak flows at the - 10
flood-prone site in response to 30 - !
LULC changes for different OLULC 1966 m LULC 2011 120
return period design storms: 25 ‘30
a peak flow and b flow volume 'g mLULC2022 m Rainfall »g
S 20 140 S
v 50 =
£ ©
2 157 60 E
(=} ©
104 70 &
180
5 |
o 1 1 1 J 100
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(b) 450

25yr 100yr
Return Period

400 -
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200 -
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Fig. 7 Q (a) and ¢ (b) values (a)-25
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Table 3 Percentage of different
LULC types at selected

potential flood generating areas 1¢ 2 3 4 5 6 7 8
in 1966 and 2011

LULC Flood generating area

Developed® (%) [2,241°  [2,26] [3,31] [4,26] [3,31] [6,17] [2,23] [18,41]
Imperviousness (%)  [3,14] [3,14] [3,18] [6,23] [3,17] [4,10] [3,14] [14,26]
Forest (%) [45,49] [45.46] [43,41] [51,48] [58,46] [54,64] [64,45] [46,36]
Pasture/hay (%) [8,4] [14,2] [9,1] [6,3] [2,3] [2,1] [2,2] [1,1]
Wetland (%) [13,4] [14,11]  [19,6] [10,6] [7,8] [12,18] [9,8] [7,7]
Open space (%) [23,4] [8,4] [15,4] [14,9] [12,5] [10,2] [12,7] [26,9]
Area (km?) 13.6 6.2 11.6 7.4 9.0 11.3 5.8 13.6
CN-1966 40 43 46 42 39 41 40 63
CN-2011 54 54 55 54 56 52 50 78

? Includes low, medium and high intensity
® [Percent of LULC type in 1966, percent of LULC type in 2011]
¢ Flood generating area

CN curve number

and temporal scales, climate variability, landscape phys- Figure 7b shows the iy indexes for each of the eight areas,
iography and physical characteristics of the study area  which are again € values normalized with percent area.
(Zhou et al. 2013). Accordingly, LULC changes from 1966 to 2011 in Areas 2,
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Table 4 Percentage of different LULC types in sub-watersheds located inside the 11 potential flood generating areas in 2011 and 2022

LULC Flood generating area
1° 2 3 4 5 6 7 8 9 10 11

Developed® (%) [19,54]°  [41.45] [29.511 [2237] [2648] [18,50] [18,55] [12,37] [1342] [1642] [30,43]
Imperviousness (%)  [20,34] [20,28]  [19,32] [13,23] [16,29] [22,31] [12,34] [10,23] [51,77]1 [21,27] [24,28]
Forest (%) [51,30] [34,37] [43,27] [48,33] [44,29] [46,18] [48,14] [49,25] [52,26] [52,29] [44,31]
Pasture/hay (%) [8,3] [3,2] [5,5] [5,5] [1,1] [0,0] [1,1] [1,1] [1,1] [1,1] [1,1]
Wetland (%) [3,2] [2,4] [6,6] [8,8] [12,12]  [26,26]  [28,28] [29,29] [22,22] [18,18] [11,11]
Open space (%) [6,6] [12,7] [7,7] [4,4] [6,4] [3,2] [2,1] [1,1] [2,2] [3,3] [7,7]
Area (km?) 29 53 4.6 22 9.3 7.5 4.5 3.1 7.4 9.1 18.0
CN-2011 60.0 55.1 54.6 49.3 55.5 64.2 58.8 58.5 62.9 60.6 72.0
CN-2022 63.5 58.7 65.8 57.6 63.0 70.4 71.8 65.7 66.2 65.9 74.0

* Development with low, medium and high intensity
" [Percent of LULC type in 2011, percent of LULC type in 2022]
¢ Flood generating area

3,4 and 5 had the largest impact on downstream peak flow.
Even after area adjustments, Areas 3, 4 and 5, which are all
situated in west-central part of the watershed (Fig. 3a), are
still on top of the list. Although percent increase in imper-
viousness is high in Area 8 (+12 %), LULC change from
1966 to 2011 in this area had the lowest contribution to peak
flow increase. Because this area is located close to the
downstream, the LULC change impact appears at the rising
stage of the flow hydrograph, and not affecting the peak as
much. The spatial scale and landscape patterns influence the
magnitude of urbanization impacts on physical stream con-
ditions (McBride and Booth 2005).

With increasing storm return period, the relative impact
of LULC changes on downstream peak flow from 1966 to
2011 diminishes in almost all areas except in Area |1
(Fig. 7), the most upstream one. This could be a result of
the complex interaction between watershed topology
(consider travel time) and the non-uniform rainfall distri-
bution. Increase in sensitivity of hydrologic response to
land use change with decreasing storm recurrence interval
is supported by other studies (Saghafian et al. 2008; Chen
et al. 2009; Amini et al. 2011; Olang and Furst 2011). In
these studies, the relative increases in the simulated peak
discharges diminished with increasing rainfall amounts.

2011-2022

Applying the index method to the historical LULC change
condition provided an overall view of how urbanization
during this period would affect the downstream peak flow
and how peak flows could have been different if certain
parts of the watershed were protected. In the next step, the
impacts of LULC change from 2011 to 2022 were assessed.
The 2022 LULC projects an additional 17 % development

@ Springer

with medium intensity mainly in central part of the
watershed. As shown in Fig. 3b, 11 flood generating areas
were identified for this assessment (Table 4).

According to Fig. 8a, Area 5, which has the second
largest area, is expected to have a big impact on the
downstream peak flow and Area 4, which has the smallest
area, is expected to have the least impact. Although Area
11 has the largest area, the impact of LULC changes in this
area appears at the raising stage of the flow hydrograph,
which is likely due to its close proximity to the downstream
site. The area normalized index in Fig. 8b tells a slightly
different story. None of the areas isolate itself from the rest
as the most sensitive area. On average, imperviousness in
most areas increased about 12.2 % from 2011 to 2022,
mostly due to forest-to-urban conversion. Deforestation
and decrease in natural forest cover are known to increase
flood frequency (Bradshaw et al. 2007). The  values also
reflect how location of development plays an important
role in increasing peak flow per unit area. For instance,
based on the i value, Area 4 for storms with 25- and
100-year return periods is the most sensitive area. On the
other hand, based on € values, the size of development has
significant impact on increasing downstream peak flow;
therefore, Area 4 was the least critical flood generating area
according to Fig. 8a. This area is located at the upstream
part of the watershed and is part of the city of Semmes,
indicating that even developments in this city can increase
the flood risk in city of Prichard, which is at the down-
stream end of the watershed. Area 4 is projected to have an
additional 10 % impervious surface by year 2022. This
number is less than the projected increase in impervious-
ness in Areas 1, 3, 5, 7, 8 and 9 (all coming from forest
loss), and yet, somehow Area 4 is the most sensitive area
under 25- and 100-year storms based on the / index. This
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Fig. 8 Q (a) and y (b) values (a) -14
for the flood generating areas

(Fig. 3b) under LULC changes -12
from 2011 to 2022
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is evidently the result of complex interactions among
rainfall intensity and duration, geological composition,
watershed steepness and topology, and soil characteristics.
Since the relative roles of these factors in flooding vary
spatially, understanding the effects of forest loss and gen-
erally vegetation removal on flood risk requires more
detailed studies (Bradshaw et al. 2007). Our study reveals
that both location and extent of development play impor-
tant roles in potential flooding at the area of interest.

Figure 8 shows that with increasing storm depth, the
relative impact of LULC changes from 2011 to 2022 on
peak flow in each area decreases except in Area 4. For 25-
and 100-year return period storms, Area 4, the most
upstream area, has the largest impact on downstream peak
flow, and Area 11, the most downstream area, has the least
impact on peak flow. Area 11 is the closest to the down-
stream and likely contributes too quickly to the flow
hydrograph. Therefore, urbanization in this area will not
have a noticeable impact on peak flow.

Summary and conclusions
In this paper, we attempted to evaluate the LULC changes

over time and ranked different parts of the EMC watershed
based on their contribution to flooding at a flood-prone area

10yr 25yr 100yr
by conducting a modeling effort. Historical LULC maps
were developed by processing aerial photographs in
eCognition and ArcGIS, and future LULC map was
developed with feedbacks from the city of Prichard. The
HEC-HMS model was applied as a rainfall-runoff model to
explore the LULC-flooding nexus.

There was a large increase in peak flow and runoff
volume at the identified downstream site in response to
urbanization from 1966 to 2011 and then from 2011 to
2022. The increase was more significant for peak flow than
for runoff volume. Also, the degree of impact on runoff
volume and peak flows is dependent on the storm magni-
tude, with smaller return period storms being more sensi-
tive to LULC change, especially urbanization.

Different parts of the watershed ranked based on their
sensitivity to historic and future LULC changes. Results
showed that development in west-central part of the
watershed from 1966 to 2011 had the largest contribution
to downstream flooding. Also, future developments con-
centrated in central parts of the watershed could have
significant impacts on peak flows at downstream locations.
Increase in storm return periods did not change the order of
importance of flood generating areas significantly.

Results of this study clearly showed that even if there is
same level of urbanization at different parts of a watershed,
their contribution to peak flow at a downstream point
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depends on their locations within the watershed. In addition,
topography, soil type and roughness play important roles in
flooding. Understanding the effects of urban growth on
hydrological processes is essential for urban planning. The
index method utilized in this study can identify the zones
with high peak flow production in downstream of the
watershed, and this information can assist urban planners and
related decision makers. Applying the index method to the
future urban development would provide essential infor-
mation to anticipate future impacts and to reduce their
potential detrimental consequences.
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