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Abstract We describe a framework called RegionalHydrologicModeling for Environmental
Evaluation (RHyME2) for hydrologic modeling across scales. Rooted from hierarchy theory,
RHyME2 acknowledges the rate-based hierarchical structure of hydrological systems.
Operationally, hierarchical constraints are accounted for and explicitly described in models
put together into RHyME2. We illustrate RHyME2with a two-module model to quantify annual
nutrient loads in stream networks and watersheds at regional and subregional levels. High
values of R2 (>0.95) and the Nash–Sutcliffe model efficiency coefficient (>0.85) and a
systematic connection between the two modules show that the hierarchy theory-based
RHyME2 framework can be used effectively for developing and connecting hydrologic models
to analyze the dynamics of hydrologic systems.

Keywords Hierarchy theory.Dynamic regional hydrologicmodeling .Annual nitrogen load .

Water quality . Cross-scale analysis

1 Introduction

Scale arguably has been one of the major challenges to hydrology (Beven 1987, 2001;
Yevjevic 1991; Blöschl 2001; Gentine et al. 2012). Due to various scale-related issues (e.g.,
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insufficiencies of knowledge on hydrological processes and their interactions across scales),
it is not uncommon that a model works well on a particular spatiotemporal scale but not on
others (Beven 2002; Gentine et al. 2012). This is true for both mechanistic (i.e., process-
based) and empirical (i.e., statistical) models (Xu and Singh 2004; Perveen and James 2010;
Thampi et al. 2010). While mechanistic models often have higher complexity in terms of
mass balance structure and hydrologic processes at finer spatiotemporal resolution (e.g.,
SWAT—Soil Water Assessment Tool, (Arnold et al. 1990); HSPF—Hydrologic Simulation
Program-Fortran, (Bicknell et al. 2001); and Gaddis and Voinov’s model (Gaddis and
Voinov 2010)), they often require intensive data and calibration effort plus priori assump-
tions on many parameters which are not calibrated or tested in most applications. In contrast,
statistical models (e.g., Howarth et al. 1996; Goolsby and Battaglin 2001; Caraco et al.
2003) tend to be simpler in model structure or processes being described and at coarser
spatiotemporal resolutions. However they are often able to provide quantified uncertainty
information on model parameters and outputs. Regardless of the pros and cons of each
approach, both mechanistic and empirical models debatably are scale-dependent, making the
use of a single model for cross-scale hydrologic modeling questionable. This is also true for
hybrid mechanistic-empirical models. An example is the Spatially Referenced Regression on
Watershed attributes (SPARROW) model (Smith et al. 1997). SPARROW has been applied
to assess the effect of sources and attenuation factors on stream nutrient loading at the
national scale (Smith et al. 1997; Alexander et al. 2000; Schwarz et al. 2006) and for various
regions and river basins (e.g., Preston and Brakebill 1999; McMahon et al. 2003; Moore et
al. 2004; Alexander et al. 2008; Hoos and McMahon 2009; and García et al. 2011).
However, those national and regional SPARROW models are very much stand-alone
applications with very little cross-scale connection. In brief, given the scale-dependent
nature of existing hydrologic models, they are not suitable for cross-scale hydrologic studies.

The purpose of this paper is to present a framework, which is rooted from hierarchy
theory (Simon 1962, 1969, 1973; Allen and Starr 1982; O’Neill et al. 1986), for hydrologic
modeling across scales. Central to hierarchy theory is the concept that differences in process
rates can hierarchically structure a system. The structure imposed by differences in rates is
sufficient to decompose a complex system into organization levels and into discrete compo-
nents within each level (Overton 1974). System behaviors corresponding to higher levels
occur at slower rates and lower levels conversely show rapid rates. From the hierarchy
theory perspective, hydrological systems can be hierarchically grouped into similar classes
with similar rates even though hydrological dynamics occur over a wide spectrum of
interrelated spatiotemporal scales. For example, soil at micro scales responds rapidly to
momentary changes in nitrogen through various processes of nitrogen fixation, mineraliza-
tion, nitrification, and denitrification. The behavior of a small catchment regarding nitrogen
export responds at a slower rate and integrates those micro-scale changes. Changes in
nitrogen flux of the whole region at the size of the Mississippi River Basin (MRB) occurs
even more slower, requiring months, years, decades, or even longer. To illustrate, while
intensive fertilizer applications in MRB have been observed since 1950’s, nitrate concen-
tration data in the Mississippi–Atchafalaya River Basin indicate stable concentrations after
1975 after increasing trends in the previous 25 years (1950–1975) (Aulenbach et al. 2007).
Apparently the system has shifted its nutrient export behavior from supply-limited before
1950’s to transport-limited since mid-1970’s after a lag time of several decades to accumu-
late legacy nutrient sources (Basu et al. 2010).

We refer to the modeling framework described here as Regional Hydrologic Modeling
for Environmental Evaluation (RHyME2). In RHyME2, the dynamics of fast variables at a
lower level are described by equations in which slower variables at a higher level appear as
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parameters which in turn can be characterized by equation with still slower variables as
parameters. The current RHyME2 framework consists of two modules at two different
organization levels corresponding to distinct spatiotemporal scales: regional-decadal versus
subregional-annual.

2 Materials and Study Area

2.1 Study Area

The RHyME2 regional module in this study was developed for the Upper Mississippi River
Basin (UMRB). Encompassing an area of roughly 492,000 km2 (190,000 mi2) in the upper
mid-western United States, the UMBR covers the headwaters of the Mississippi River in
upper Minnesota, extends southward through Minnesota, Wisconsin, Iowa, Illinois, and
Missouri, and ends at the confluence with the Ohio River near Cairo, Illinois (Fig. 1). The
subregion module was developed for an area of five cascading subbasins (i.e., 8-digit
hydrologic unit code [HUC-8] 0730001, 0730002, 0730003, 0730004, and 0730005) that
include four US Geological Survey (USGS) monitoring sites 30001, 30002, 30003, and
30004 (Fig. 1). Observed flow and nutrient load at the USGS sites were used to develop the
subregional module. As a proof of concept, we use a relatively small number of input
variables of nutrient sources and physical and landscape properties in this study. They are
discussed below.

2.2 Stream Network and Watershed Infrastructure

The NHDPlus digital network (version 1) developed by the US Environmental Protection
Agency and the USEPA (2006) is used as the model framework of streams, reservoirs, and
drainage topology. NHDPlus consists of various components, e.g., the improved 1:100 K
National Hydrography Dataset (NHD); a set of value-added attributes for stream network
navigation, analysis, and display; and catchment characteristics (USEPA and USGS 2006).
We used the NHDPlus mean annual flow at bottom of flowline as computed by the unit
runoff method in NHDPlus to represent the long-term balanced flow term described in the
methodology section.

2.3 Land Use

The National Land Cover Dataset (NLCD) of 1992 from the Multi-Resolution Land
Characteristics (MRLC) initiative (Vogelmann et al. 2001) was used to quantify certain
diffuse sources of nitrogen (e.g., wetland) and to refine the spatial distribution of nitrogen
sources (e.g., refining data reported at county level to catchment/flowline level).

2.4 Nitrogen Sources

Nitrogen sources from commercial fertilizers for farm and non-farm uses, livestock manure
of confined and unconfined animals, and atmospheric deposition are from data described in
Ruddy et al. (2006). To refine data from county to catchment/flowline level, nitrogen inputs
from fertilizer and manure were allocated to various NLCD92 land-cover classes within each
catchment as described in Table 3 in Ruddy et al. (2006). Nitrogen input from atmospheric
deposition was allocated to all land-cover classes. As data in Ruddy et al. (2006) are not
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available for the same years for all nitrogen sources (e.g., commercial fertilizers for
farm/non-farm uses are available from 1987 to 2001, atmospheric deposition from
1985 to 2001, confined/unconfined livestock manure for four single years of 1982,
1987, 1992, and 1997), we selected years when data of different nitrogen sources
have the most overlap to develop RHyME2. Table 1 shows how nitrogen source data
in Ruddy et al. (2006) are used in the development of the RHyME2 regional and
subregional modules.

Fig. 1 Upper Mississippi River Basin and the subregion study area
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Nitrogen input from domestic and industrial point-sources are from the USGS’ “County-
Level Point-Source Data for the United States” dataset (available at http://water.usgs.gov/nawqa/
sparrow/wrr97/point/point.html) which are, in turn, derived from a Resources for the Future
(RFF) national inventory of wastewater discharges from 32,000 facilities, including industries,
municipal wastewater treatment plants, and small sanitary waste facilities for the years 1977–
1981. As the dataset is not available at the yearly level, the average for the whole period of 1977–
1981 is used in both the regional and subregional modules as displayed in Table 1.

2.5 Soil Characteristics

Soil permeability is from the USGS “Soils Data for the Conterminous United States” dataset
(available at http://water.usgs.gov/GIS/metadata/usgswrd/XML/ussoils.xml) which are de-
rived from the NRCS State Soil Geographic (STATSGO) data base. The data contain multi-
layered physical soil characteristics in vector format which are rasterized at 30-m resolution
to refine data to catchment/flowline level.

2.6 Climate

Precipitation and temperature data are from the NHDPlus dataset which are in turn derived
from the PRISM, 2.5-min (approximately 4 km) resolution data by Daly and Taylor (1998).

2.7 Annual Instream Nitrogen Load

Data of annual instream nitrogen load are from the Upper Mississippi Basin Loading Database
(available at http://www.umesc.usgs.gov/data_library/sediment_nutrients/sediment_nutrient_
page.html) which was generated by the USGS Upper Midwest Environmental Sciences
Center (UMESC). Eighty-one out of 93 monitoring sites in the database were used to develop
RHyME2; the remainder was eliminated due to data deficiency or being outside of the study
area. Data from the Upper Mississippi Basin Loading Database are available at both monthly
and yearly time steps. To create more annual nitrogen load data, monthly nitrogen load data
were used in a 12-month window moving average fashion (i.e., five and a half months before
and after a particular month), producing 12 observed data points for a single year. For example,
there are 12 1987 data points, with the first being the average of the period from (half of) July,
1986, to (half of) July, 1987. Therefore, there are 72 (=12 points/year x 6 years) observed
nitrogen load data points for each of the four monitoring sites for the six years used to develop
the subregional module. On the other hand, there is only one simulated value for a single year at
each monitoring site from the subregional module. As a result, one simulated output from the
subregional module is compared with 12 observed annual nitrogen load data points for a
particular year.

3 Method

First we model annual nitrogen load Loadi as a non-linear function of flow:

Loadi ¼ Loadi;ltbf � Qi Qltbf

�� �ai ð1Þ

where Qltbf is the long-term balanced flow at reach i, Loadi,ltbf is the nutrient load at reach i
corresponding with Qltbf, and α is the load-versus-flow coefficient. Loadi,ltbf in turn is
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modeled as a non-linear function of nitrogen sources, landscape and stream character-
istics, and anthropogenic factors which control on-land and in-stream nitrogen atten-
uation processes:

Loadi;ltbf ¼
X
k2KðiÞ

Loadk;ltbf

0
@

1
A�Ai þ

XN
n¼1

Sn;iDn

 !
�A0

i ð2Þ

where Loadk,ltbf(k∊K(i)) is the nutrient load from upstream reach(es) k, Ai is in-
stream attenuation function applied to upstream nitrogen load as it enters and travels
along the stream channel of reach i. Ai is modeled as first-order decay exponential
function of the mean water time of travel ti along reach i for different stream-size classes
such that:

Ai ¼ exp �θQltbf ti
� � ð3Þ

where θQltbf are first-order stream loss coefficients calibrated for various stream-size
classes defined by different ranges of long-term balanced stream flow Qltbf .

Sn,i (n∊N(i)) are nitrogen sources in the catchment which contributes water to reach i
(e.g., nitrogen from commercial fertilizers, manure, and point-source wastewater, and atmo-
spheric deposition). Dn is the land-to-water delivery function for source n in catchment i. Dn is
modeled as a series of exponential functions of physical and landscape characteristics (e.g., soil
permeability, stream density, temperature and precipitation) that control the on-land nitrogen
attenuation process and determine the amount of nitrogen delivered to streams. Each physical
and landscape characteristic in the land-to-water delivery function Dn is associated with a
delivery coefficient βn.

A
0
i is an in-stream attenuation function applied to the nitrogen load from catchment i as it

enters and travels along the stream channel of reach i. A
0
i is similar in form to the stream

delivery function Ai defined above (3). In RHyME2, A
0
i of reach i is assumed equal to the

square root of Ai.
Steps of model development include:

(a) Separating the direct influence of flow on annual nitrogen load: we calibrated the load-
versus-flow coefficients α in (1) at each stream monitoring site by using nonlinear least-
squares optimization to simultaneously minimize the correlation between Loadi,ltbf andQi

and maximize the correlation between Loadi and Qi Qltbf

�� �ai . As the correlation
coefficient between Loadi,ltbf and Qi is minimal, nitrogen load corresponding with long-
term balanced flow level Loadi,ltbfarguably is not directly influenced by annual flow Qi.

(b) Transforming annual nitrogen load Loadi to long-term-balanced-flow nitrogen load
Loadi,ltbf: we derived Loadi,ltbf at stream monitoring sites such that:

Loadi;ltbf ¼ Loadi Qi Qltbf

�� �ai.
ð4Þ

(c) Developing the regional module (4): we calibrated the regional module with average of
Loadi,ltbf (Loadi;ltbf ) at 81 monitoring sites and average nitrogen sources (see Table 1)
such that:

Loadi;ltbf ¼
X
k2KðiÞ

Loadk;ltbf

0
@

1
A�Ai þ

XN
n¼1

Sn;iDn bnð Þ
 !

�A0
i ð5Þ
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First we used all 81 data points to calibrate the initial model. Then we used the same 81-
point dataset in a bootstrap1 setting to develop the final model.

(d) Creating a “background” annual nitrogen load dataset in the subregion of interest: we
used the regional module calibrated in step (c) along with temporal nitrogen
source (Sn,i) data (see Table 1) to simulate “background” annual nitrogen load
(Loadi,ltbf

*) for monitoring sites in the subregion of interest. The term “background”
means, with the regional variables to be applied as parameters at subregional level, a
subregion would produce an “average” annual nitrogen load similar to the simulated
“background” nitrogen load dataset.

(e) Developing the subregional module: we calibrated the subregional module with both
temporal nitrogen load data Loadi,ltbf derived in step (b) and the background nitrogen
load Loadi,ltbf

* such that:

Loadi;ltbf ¼
X
k2KðiÞ

Loadk;ltbf

0
@

1
A�Ai þ

XN
n¼1

Sn;iDn bnð Þ
 !

�A0
i ð6Þ

First we used all data of Loadi,ltbf and Loadi,ltbf
* 12Loadi;ltbf data=site=year � 6 years
� �þ��

12Loadi;ltbf
�data=site=year � 6 years

� �� � 4 sites ¼ 576 data pointsÞ to calibrate the initial
model. Then we used the same 576-point dataset in a bootstrap fashion to develop the final
model.

(f) Generating annual nitrogen load Loadi: first we applied the subregional module cali-
brated in step (e) to derive Loadi,ltbf. We then used (4) to calculate annual nitrogen load
Loadi.

Operationally, we used the lsqnonlin function in MATLAB’s (version 7.8) opti-
mization toolbox (MathWorks 2011) for non-linear least-squares regression problems
in steps (a), (c), and (e), including the bootstrap analyses in (c) and (e). Results of
the regional and subregional modules are presented and discussed in the following
section.

4 Results and Discussion

Values of the load-versus-flow coefficient α derived in step (a) at 81 monitoring sites range
from 0.63 to 1.62 and display a normal distribution with a mean of 1.08 (Fig. 2). The
correlation coefficient between the load-versus-flow coefficient α and Qltbf across 81
stations equals 0.368 (p-value<0.001), showing a light trend that nitrogen load tends to
level out in small streams (α<1) and boost up in large streams (α>1) when flow increases
relatively to its long-term balanced flow.

At each monitoring station, the correlation coefficient between Loadi and Qi Qltbf

�� �ai is
close to 1 (p-value<0.0001) while those between Loadi,ltbf and Qi is near zero and statisti-
cally insignificant. Namely, the nitrogen load associated with long-term balanced flow
(Loadi,ltbf) is not influenced directly by the annual stream flowQi.

1 Bootstrap analysis involves resampling with replacement from among the original size-n dataset (e.g., the
81-point and 576-point datasets in steps (c) and (e)) to create samples with the same size n in all iterations
(Davison and Hinkley 1997).
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The model R2 (Table 2) shows that the regional module explains about 92 % of the spatial
variability of the log-transformed values of the average annual nitrogen load associated with
the long-term balanced flow. However, the regional module tends to slightly overpredict
loads from a couple small areas and underpredict loads from several large areas (Fig. 3).

The model-estimated coefficients βn for six nitrogen source variables (Table 2) represent
the land-delivery ratio for that source. For example, βn for commercial fertilizers applied to
farm land, 0.244 kg/kg, means that for each kilogram of nitrogen from commercial fertilizers
applied to farm land in a catchment, RHyME2 estimates that 0.244 kg is delivered to the
stream network in that catchment. The balance of 0.755 kg is removed by a combination of
crop harvest and on-land attenuation.

The land-to-water delivery coefficients for soil permeability, stream density, tem-
perature, precipitation, and wetland (Table 2) show the effect of each physical and
landscape characteristic to the land-to-stream delivery function in a spatially-relative
term. For example, if soil permeability changes by 10 % relative to the averaged soil
permeability of the whole study area, the land-to-stream delivery function will change
by a factor of 0.975 (i.e., e�0:252�0:6 e�0:252�0:5� ¼ e�0:252�0:1 ¼ 0:975 ) provided other physical
and landscape variables remain unchanged. The positive values of the coefficients for stream
density, temperature, and precipitation indicate that the land-to-stream delivery function
increases when those variables increase. In contrast, soil permeability and wetland have
negative values for their coefficients, implying that these variables tone down the land-to-
stream delivery.

Values of the first-order stream loss coefficients for four stream-size classes (Table 2) are
all statistically significant. While these values are not completely consistent with the concept
that attenuation decreases with the increase of stream size for all four classes, the overall
pattern is reasonable (e.g., the coefficients for the two large stream-size classes are smaller
than those of the two smaller stream-size classes). Furthermore, values of the first-order

Mean =1.08
Std. Dev. =.207
N = 81

Fig. 2 Histogram of the
load-versus-flow coefficient α
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stream loss coefficients for the subregional module are not too different from results
of experimental studies (Howarth et al. 1996; Gibson and Meyer 2007; Mulholland et
al. 2008, 2009).

Except for atmospheric deposition, the values of βn in the subregional module (Table 3)
are greater than those in the regional module. Furthermore, the values of βn for each nitrogen
source are statistically different between the two modules (p-value<0.001, two independent-
sample t tests; two samples are parameter estimates in two bootstrap analyses).

Comparing the land-to-water delivery coefficients of the two modules, there is no
statistical difference for stream density (p-value=0.12) but a difference at 5 % level for
precipitation (p-value=0.04) and at 1 % for the other four coefficients (p-value<0.001). The
first-order stream loss coefficients for four stream-size classes are also statistically different
(p-value<0.001) from one module to the other. Furthermore, different from those in the
regional module, the first-order stream loss coefficients in the subregional model are
consistent with the concept that attenuation decreases with the increase of stream size.

Figure 4 displays observed and RHyME2 simulated (12-month moving average) annual
total nitrogen load Loadi at four USGS monitoring sites. The model performed quite well at

Table 2 Calibration results for the RHyME2 regional module

Parameters Coefficient
units

Initial
model

Final model (bootstrap)

Mean
coefficient

Standard
error

p-value

Nitrogen sources (βn)

Nitrogen in commercial fertilizers applied to
farm land

kg/kg 0.234 0.244 0.006 <0.001

Nitrogen in commercial fertilizers
applied to non-farm land

kg/kg 0.208 0.184 0.004 <0.001

Manure from confined livestock kg/kg 0.043 0.043 0.002 <0.001

Manure from unconfined livestock kg/kg 0.034 0.037 0.002 <0.001

Atmospheric deposition kg/kg 0.505 0.474 0.004 <0.001

Domestic and industrial point sources kg/kg 0.879 0.837 0.012 <0.001

Land-to-water delivery

Soil permeability dimensionless −0.244 0.252 0.007 <0.001

Stream density dimensionless 0.233 0.200 0.003 <0.001

Temperature dimensionless 0.227 0.191 0.002 <0.001

Precipitation dimensionless 0.092 0.086 0.003 <0.001

Wetland dimensionless −0.252 0.263 0.007 <0.001

In-stream removal θQltbf

� �
Time of travel in reach where Qltbf<2.8 m3/s day 0.221 0.197 0.004 <0.001

Time of travel in reach where Qltbf >2.8
and <28 m3/s

day 0.247 0.265 0.008 <0.001

Time of travel in reach where Qltbf >28
and <280 m3/s;

day 0.010 0.015 0.005 0.001

Time of travel in reach where Qltbf >280 m3/s day 0.138 0.137 0.002 <0.001

Model R2 (on log-transformed values of the
average annual nitrogen load associated
with Qltbf)

0.923

Mean square error 0.251

L.T. Tran et al.



two sites, 30002 and 30003, and somewhat underestimated at the other two stations. Model
R2 and the Nash–Sutcliffe model efficiency coefficients (Nash and Sutcliffe 1970) at the four

Fig. 3 Scatterplot of predicted
versus nitrogen load, RHyME2

regional module

Table 3 Calibration results for the RHyME2 subregional module

Parameters Coefficient
units

Initial
model

Final model (bootstrap)

Mean
coefficient

Standard
error

p-value

Nitrogen sources (βn)

Nitrogen in commercial fertilizers applied
to farm land

kg/kg 0.281 0.269 0.002 <0.001

Nitrogen in commercial fertilizers applied
to non-farm land

kg/kg 0.264 0.214 0.001 <0.001

Manure from confined livestock kg/kg 0.098 0.070 0.002 <0.001

Manure from unconfined livestock kg/kg 0.079 0.056 0.017 <0.001

Atmospheric deposition kg/kg 0.479 0.515 0.001 <0.001

Domestic and industrial point sources kg/kg 0.954 0.954 0.001 <0.001

Land-to-water delivery

Soil permeability dimensionless −0.207 0.219 0.001 <0.001

Stream density dimensionless 0.190 0.205 0.001 <0.001

Temperature dimensionless 0.185 0.200 0.001 <0.001

Precipitation dimensionless 0.075 0.093 0.001 <0.001

Wetland dimensionless −0.217 0.228 0.001 <0.001

In-stream removal θQltbf

� �
Time of travel in reach where Qltbf<2.8 m3/s day 0.228 0.263 0.001 <0.001

Time of travel in reach where Qltbf >2.8
and <28 m3/s

day 0.198 0.213 0.001 <0.001

Time of travel in reach where Qltbf >28
and <280 m3/s;

day 0.197 0.206 0.001 <0.001

Time of travel in reach where Qltbf >280 m3/s day 0.097 0.101 0.001 <0.001

Application of Hierarchy Theory to Cross-Scale Hydrologic
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monitoring sites (Table 4) are relatively high and the root mean square errors are reasonable
(e.g., ranging between 3 % and 17 %). Overall, RHyME2 sufficiently captured the magni-
tude and pattern of the annual nitrogen load at all four stations.

The use of Loadi,ltbf— the nitrogen load corresponding with long-term balanced flow—
allows the separation of annual flow’s direct impact on nitrogen load from those caused by
physical and landscape factors operating at longer temporal scales, e.g., from decades to
centuries or longer. Moreover the temporal pattern of Loadi,ltbfas a function of long-term
physical and landscape factors is revealed (Fig. 5). Note that the approach of separating the
direct impact of flow on nitrogen load is different from averaging out nitrogen load (Loadi )
in several aspects:

& Value: Loadi;ltbf are very different from Loadi (e.g., Loadi;ltbf Loadi
�

in metric tons/
year: 5,753/6,274; 5,150/5,590; 4,035/4,120; and 5,079/5,478 at sites 30001, 30002,
3003, and 30004, respectively). Arguably, Loadi;ltbf reflects the non-linear relationship
between nitrogen load and long-term balanced flow as well as their often non-normal
distribution better than Loadi (e.g., the non-linear relationship is taken care of via the
load-versus-flow coefficient before Loadi,ltbf is derived).

& Temporal pattern: the temporal dimension is completely removed in Loadi . In contrast,
while Loadi;ltbf is used in the regional module, the time series Loadi,ltbfis used in
developing the subregional module.

& Relationship between nitrogen load and flow: Eq. (1) explicitly portrays the non-linear
relationship between nitrogen load and flow. The equation is consistent with field
observations and is proven statistically in this study. It facilitates the simulation of
Loadithrough the use of Loadi;ltbf and Loadi,ltbf at regional and subregional levels,

respectively. In contrast, it is not possible to do that with Loadi .

We use Loadi;ltbf but Loadi,ltbf for the regional module to reflect the fact that the regional
and subregional modules operate at two different organization levels (i.e., different spatio-
temporal scales). The use of Loadi;ltbf also preserves the mass balance across the whole
region at a longer temporal scale (e.g., decadal). Meanwhile, operating at a lower organiza-
tion level with faster changes in various factors (e.g., nitrogen sources, precipitation, and
temperature), Loadi,ltbf might have different temporal patterns in different subregions. For
example, Loadi,ltbf at USGS monitoring site 30001 displays an increasing trend while the
opposite is observed at site 190001 (Fig. 5). As the time frame for change of Loadi,ltbf from
one subregion to take effect on other downstream subregions is not accounted for, the use of
Loadi,ltbf to develop the regional module might violate the mass balance principle. On the
other hand, the trend of Loadi,ltbf is often consistent within a subregion (e.g., an increasing

Table 4 Model performance of RHyME2 on annual total nitrogen at four USGS St. Croix River monitoring
sites

Model performance indicators USGS St. Croix River monitoring sites

30001 30002 30003 30004

R2 0.97 0.99 0.96 0.96

Root mean square error (mean) of annual nitrogen
load in Metric Tons/year

630 (6,274) 175 (5,590) 249 (4,120) 945 (5,478)

Nash–Sutcliffe model efficiency coefficient 0.87 0.99 0.96 0.87

Application of Hierarchy Theory to Cross-Scale Hydrologic



trend is observed at all four monitoring sites 30001, 30002, 30003, and 3004 in the studied
subregion). Hence the use of Loadi,ltbf in the subregional module exposes the impact due to
changes through time of nitrogen sources and/or physical and landscape factors on nitrogen
load in a subregion.

Methodologically, the regional and subregional modules in RHyME2 are quasi-
mechanistic given their mass-balance structure in simulating hydrologic and contaminant
transport processes. On the other hand, all parameters in the two modules are estimated
statistically, providing robust measures of uncertainty in both model coefficients and out-
puts. Namely, the complexity of RHyME2 is fully supported by the data.

Our goal in this paper is not to introduce “another” hydrologic model but to present
RHyME2 as a framework for hydrologic modeling across spatiotemporal scales. As men-
tioned above, hydrologic dynamics at a specific level is constrained by the higher-level
system of which it is a part. When one studies a hydrologic system with a particular
scientific question in mind, that person focuses on a specific spatiotemporal scale of
observation, e.g., a hillslope, a catchment, or a basin. The problem arises in extrapolating
observation at a specific scale to observation at other scales. For example, when a model
originally developed at catchment scale is applied for a large basin over a long period of time
(i.e., linear up-scaling), it might not sufficiently account for constraints at higher levels
(e.g., groundwater movement at basin scale). Furthermore, such linear up-scaling model
emphasizes what system is allowed to do under mainly the very low-level constraints. As
a result, the model cannot simulate what the system is capable of doing if higher-level
constraints are changed. The common sensitivity analysis and calibration practices to
improve the performance of a mechanistic model often focus on only a subset of
parameters to which the model is the most sensitive. Because the tendency is to deal
with fast-rate behavior of the lowest entities, those parameters often correspond to low-
level constraints. Consequently parameters associated with higher-level constraints are
often left as uncalibrated constant in the model, making the model insensitive or falsely
behave to (changes in) higher-level constraints.

Different from mechanistic models, statistical models are rarely used in cross-scale
applications. Often a statistical model is developed at a specific spatial-temporal scale to
answer a specific research question at that scale (e.g., long-term nitrogen flux at regional
scale). If one has a similar research question but focuses on a different spatial-temporal scale
(e.g., annual nitrogen flux at subregional scale), the previous model is likely not appropriate.
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USGS monitoring sites 30001 and 190001

L.T. Tran et al.



A common practice in empirical modeling is to develop another model with observation at
that specific spatial-temporal scale which is independent from the model with observation at
another scale. While comparison of model structure or results can be made, there is often no
clear systematic and/or theoretical connection between the two models. In that context,
RHyME2 is to facilitate such systematic connection among models at different scales in the
light of hierarchy theory.

The regional module in this study was derived from observation at regional scale (i.e.,
long-term average of nutrient load Loadi;ltbf and climatic and landscape factors). In the
subregional module which is at a lower organization level, the faster variables (e.g., annual
nutrient load, annual climatic variables) were described by equations in which slower
variables from the regional module appear as parameters. Such hierarchical connection
between the two modules provides a theoretically and operationally framework to under-
stand the nitrogen flux pattern at two different scales. While the equations in the two
modules might look similar, the focused entities, level of observation, and parameters in
each module are very different (i.e., mathematic equation is not a sole factor in defining the
structure of a model). In the same context, models with different structures (e.g., mechanistic
versus empirical) at different spatiotemporal scales can be put together under RHyME2 if
hierarchical constraints can be defined and dealt with properly in each model (e.g., by
describing faster variables in equations/models in which slower variables appear as
parameters, and so on).

In this paper we have proposed RHyME2 as a framework for hydrologic modeling
across scales based on the hierarchy theory. The principle of RHyME2 is to acknowl-
edge the rate-based hierarchical structure of hydrological systems. Operationally, hierar-
chical constraints should be accounted for and explicitly described in models put
together into the framework. With that, RHyME2 can be used for integrating hydrologic
models developed at different spatiotemporal scales to understand the cross-scale dynamics of
hydrologic systems.
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