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Abstract. It is often argued that urban areas play a significant role in catchment hydrology, but previous studies
reported disparate results of urbanization impacts on stream flow. This might stem either from the difficulty to
quantify the historical flow changes attributed to urbanization only (and not climate variability) or from the in-
ability to decipher what type of urban planning is more critical for flows. In this study, we applied a hydrological
model on 43 urban catchments in the United States to quantify the flow changes attributable to urbanization.
Then, we tried to relate these flow changes to the changes of urban/impervious areas of the catchments. We
argue that these spatial changes of urban areas can be more precisely characterized by landscape metrics, which
enable analysing the patterns of historical urban growth. Landscape metrics combine the richness (the num-
ber) and evenness (the spatial distribution) of patch types represented on the landscape. Urbanization patterns
within the framework of patch analysis have been widely studied but, to our knowledge, previous research works
had not linked them to catchments hydrological behaviours. Our results showed that the catchments with larger
impervious areas and larger mean patch areas are likely to have larger increase of runoff yield.

1 Introduction terns critical for hydrological processes and (ii) separating

the effects of urbanization from these related to climate vari-

There exists a wide range of past researches showing various
impacts of urbanization on catchment hydrologic response,
but assessing quantitatively the impact of urbanization on hy-
drology remains a challenge. Depending on the catchments
and the chosen approaches to detect changes in hydrological
behaviour, some works suggested that urbanization increases
peak flow (Rose and Peters, 2001; Booth et al., 2004; Poff et
al., 2006; Rozell, 2010) while other studies found opposite
results (Brandt, 2000; Poff et al., 2006). Urbanization was
also identified as the main cause of quite different effects on
baseflow (Konrad and Booth, 2005; Kauffman et al., 2009;
Rozell, 2010). However, some studies found no significant
relationship between urbanization and hydrologic response
(Konrad and Booth, 2005; Rozell, 2010). The diverse results
obtained to assessing the impacts of urbanization on hydro-
graph shape may be attributed to the difficulty in (i) deter-
mining quantitatively and even qualitatively the urban pat-

ability. Several studies used total imperviousness as a met-
ric of urban sprawl (Rose and Peters, 2001; Burns et al.,
2005; Rozell, 2010). In this study, we used landscape metrics
to quantify not only the amount but also the fragmentation
of urban areas of various catchments. Besides, we aimed at
quantifying the direct impact of urbanization on mean flow,
following the decomposition method of the Budyko frame-
work used in the study by Wang and Hejazi (2011).

2 Method

In this section, we present first the fundamentals of the
Budyko framework used to quantify the flow changes due to
urbanization. Second, the spatial metrics computed to char-
acterizing the different spatial organizations of impervious
areas are presented.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.

(ST0Z99NI — TOSH) SaMD pue sjuswydie ul uondadiad pue ysiy pool4 ul safueyd



30 B. Salavati et al.. Mean annual flow of 43 urbanized catchments

O Catchment

0 300 600

1200 Kilometers

Figure 1. Location of the 43 studied catchments.
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Figure 2. Budyko curve to quantify direct residual and climate im-
pact on the flow change. Each site is described by Q, P and EP of
pre and post-urbanization.

The catchment set includes 43 urban catchments in the
United States for which streamflow data-series from the 30
to 70 years periods of record are available (Fig. 1). A simple
conceptual hydrologic model based on the Budyko (1974)
hypothesis and the decomposition method used in Wang and
Hejazi (2011) were used to distinguish between the impacts
of urbanization and these of climate variability on mean an-
nual flow. In the following, we consider a catchment as ur-
banized if the percentage of urban area is greater than 10 %,
based on the 2006 land-use (NLCD) map. The threshold of
10% is rather arbitrary but commonly used in other stud-
ies (Schueler, 1994; Booth and Jackson, 1997). Besides, we
also make the assumption that urbanized catchments were
nearly not urbanized in the first 15years of the record pe-
riod, which was corroborated by a historical analysis of unit
housing densities for each catchment. Thus, the decomposi-
tion method was applied on two different periods, the first
and last 15 years of the record period and the 2006 urbaniza-
tion were used to characteristics the urban patterns on each
catchment. The runoff yields of % and %—g corresponding to
the pre and post-urbanization periods were calculated. Q1,
02,P1 and P2 are the averages of annual discharge and pre-
cipitation over the first and last periods respectively.
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Figure 3. Boxplot of total change (TC), residual change (RC) and
change due to climate variability (CV) for the 42 studied catch-
ments. For each catchment, RC =TC-CV.
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Figure 4. Residual runoff yield change versus the proportion of
catchment area with more than 50 % imperviousness (left) and ver-
sus the mean patch area of catchment with more than 20 % imper-

viousness (right).

As described by Wang and Hejazi (2011) the catchment
that moves along the Budyko-type curve had just been af-
fected by climate variability. However, urbanization and cli-
mate variability can cause a vertical change from % to %—%.
The proposed decomposition method was applied to calcu-
late the runoff yield change from pre-urbanization to post-
urbanization periods, as the difference between the total ob-
served change and the computed change attributable to cli-
mate variability. In the following, this residual flow change
was compared to the catchment characteristics related to ur-
banization.

Landscape fragmentation focused on how urbanization
breaks up larger land-use class (patch) into smaller ones
and how the urban polygons (or patches) are concentrated
in space. Therefore, the number and area of patches allow
a quantitative description of urban landscape pattern (Weng,
2007). The landscape metrics widely used are: patch num-
ber (PN), mean patch area (MPA), patch density (PD) and
edge density (ED). These metrics allow quantifying the frag-
mentation and structural complexity of each class of land-use
(Jenerette and Wu, 2001; Herold et al., 2002). Urban land-
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Table 1. Summary of variables used in this study.

Variable Definition Unit Mean Max Min
Change Urban change on the runoff yield (Q/P) % 0.07 0.32 -0.04
FRAC22 Fraction of area with 20 to 49 % imperviousness % 0.22 0.62 0.04
FRAC23 Fraction of area with 50 to 79 % imperviousness % 0.07 0.25 0.01
FRAC24 Fraction of area with more than 80 % imperviousness % 0.02 0.14 0.00
FRACTOT Sum of all impervious fractions % 0.31 0.88 0.06
Num.patches Sum of urban polygons (patches) per catchments - 687.60 6588.00 6.00
Patch.density Density of urban patches nm~—2 0.002 0.005 0.0002
Edge.density Density of urban class edge mm=—2 0.15 0.27 0.06

Mean.patch.area  Mean of urban class area

m? 28275 3437.50 27.93

Table 2. Different p value of runoff yield change versus impervious area and landscape metrics.

50 % imperviousness > 80 % imperviousness  patch.density  edge.density  mean.patch.area
t value 3.115 —0.961 —0.553 —1.524 —1.898
p value 0.00282* 0.34043 0.58257 0.13284 0.0625*

* Significant linear relationships (p value < 0.1).

scape metrics were computed on the basis of land use data
that were retrieved from the National Land Cover Database
(NLCD) map of 2006. Besides, the NLCD land use map al-
lowed us to compute classical urban metrics such as the im-
pervious surface present over a given area with impervious-
ness of less than 20 %, between 20-49, 50-79 and 80-100 %
(Fryetal., 2011). The catchments’ characteristics used in this
study are summarized in Table 1.

3 Results

Figure 2 shows the variation of the runoff yield (Q/P) be-
tween the pre-urbanization and the post-urbanization periods
for each study catchment. Figure 3 indicated that the major-
ity of catchments move along the Budyko-type curve but the
amount of residual changes is greater than the amount of
changes attributable to climate variability. This means that
the change in runoff yield is mainly caused by other factors
besides climate variability. Note interestingly that the resid-
ual change i.e. the change that is not due to climate might be
either positive or negative but it is positive for a large ma-
jority of catchments (around 80 %, see Fig. 3). To shed more
light on the causes of these changes of runoff yield on the ur-
banized catchments, we investigated the linear relationships
between the changes and urban sprawl characteristics. Fig-
ure 4 provides examples of these relationships for the total
imperviousness of the catchments and the mean patch areas,
showing that catchments with high imperviousness and large
mean patch areas exhibit generally greater increases of runoff
yield change. Even if for these two characteristics the rela-
tionships are significant (Table 2), the coefficients of determi-
nation are pretty low, meaning that other factors should still
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be taken into account. Table 2 corroborates these findings
since we found no significant relationships between other
landscape metrics and runoff yield change (p value greater
than 0.1).

4 Conclusions

This paper tried to (1) quantify the impact of urbanization
on runoff yield (Q/ P) on 43 catchments in the United States
using a decomposition method and (2) relate this impact to
urban sprawl characteristics. The Budyko framework is use-
ful to distinguish between the effects of climate and these
of urban change on streamflow characteristics (Jones et al.,
2012). The flow change attributable to urban sprawl appeared
heterogeneous in the United States catchments studied in this
paper. The catchments with large impervious area and large
mean patch areas are likely to have a larger increase of runoff
yield. The other landscape metrics did not show statistically
significant relationships with runoff yield changes. Further
research is needed to investigate this issue by considering
other hydrological behaviour characteristics such as base-
flow, peak flow, flood flows for different return-periods. Be-
sides, the landscape metrics characteristics used in this paper
represented a snapshot of year 2006. For assessing rigorously
the transient effect of urbanization on flow, it appears neces-
sary to take into account the dynamics of these landscape
metrics, i.e. by considering historical maps of land use.
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Acknowledgements. This study utilizes data from several
sources. Daily hydroclimatic data were collected from the model
parameter estimation experiment (MOPEX) data set, available from
the National Weather Service (available at http://www.nws.noaa.
gov/oh/mopex/mo_datasets.htm). Daily streamflow data for the ur-
banized catchment and for some nonurbanized were collected
from the USGS website (available at http://waterdata.usgs.gov/).
Daily rainfall and temperature data were part of the stations from
the Global Historical Climatology Network — Daily (GHCN -
Daily), available from the NOAA, National Oceanic and Atmo-
spheric Administration (http://doi.org/10.7289/V5D21VHZ). Na-
tional Land Cover Database (NLCD) data were obtained from the
Multi-Resolution Land Characteristics (MRLC) Consortium web-
site (available at http://www.mrlc.gov/about.php).
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