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Abstract: Traditionally torrential rains are considered as the main factor of flood emergence. With the
examples of two disastrous floods in 2015 in absolutely different parts of the world, the authors
roughly estimate the water balance and suggest an alternative hypothesis. The simplest model,
taking into account precipitation, evaporation and soil permeability, clearly points out the significant
discrepancy between potentially accumulated and observed water masses. This observation pushes
the idea that precipitation is necessary but not sufficient for disastrous flood emergence, so the only
other available water source—groundwater—cannot be ignored.
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1. Introduction

Today the important role of groundwater does not raise any doubts: groundwater is one of the
main parts of the river basin system alongside precipitation and surface water [1,2], and all the parts
are closely interconnected [3,4]. Groundwater is the source of fresh water, and the state of groundwater
is used even to predict earthquakes [5]. The list can be continued, but all these examples are just
particular cases following from the fact that groundwater is a huge water source with an estimated
volume of 1.05 × 107 km3 [6]. Moreover, groundwater has its own source that goes even deeper in the
Earth’s mantle. In addition, the volume of this source is even greater than the volume of the world’s
oceans [7].

As for the interaction of groundwater and surface water, there many models describing this
process: from basic analytical descriptions (see e.g., [8]) to complex numerical systems implementing
different scenarios (see e.g., [9]). Not only theoretically but even practically, the dynamic of
streamflow is being controlled by the artificial changing of the rate of the groundwater/surface
water interaction [10].

However, the role of groundwater in flood emergence is still being downplayed or even ignored.
The problem is that the interaction of groundwater and surface water is usually modeled for steady
conditions, but floods do not emerge in such conditions. Since floods are considered as solely a surface
phenomenon, there still is the risk of making incorrect predictions concerning flood development. It is
important to understand that the river basin (with underlying aquifers) is a system with a complex
balance, and changes in one part can cause significant changes in remote parts [11].
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Not taking into account floods caused by tsunamis or tornadoes, the main traditionally declared
factor of flood emergence and development remains precipitation. The purpose of the present
work is water balance estimation on examples of two disastrous floods that took place in 2015.
Briefly, it is just as important to compare the water mass potentially accumulated in the specific area
(assuming precipitation as the main source of water) and the water mass actually observed during
the flood to show that precipitation is not sufficient, that flood development should be researched
assuming a complex interaction of the river basin system’s parts.

The discrepancy between calculation and real observation leaves no doubt that there must be
another source of water in addition to precipitation. We are sure that groundwater is deeply involved
in the process of flood emergence and development, so thorough study of the role of groundwater in
flood emergence and deeper analytical and numerical modeling of the groundwater and surface water
interaction in the conditions of flood development are obviously necessary, because it can be a way of
better predicting the water mass behavior, which eventually can save people’s lives.

2. Materials and Methods

2.1. Problem of Water Budget Estimation during the Flood

It is very well known (see e.g., [12]) that soil water availability strongly depends on a number
of factors, i.e., soil type, soil components, soil texture, soil structure. This determines the water
permeability of soil (as a body which contains pores with air/water components) to absorb water and
to pass it through. The amount of water incoming to soil through its surface is principal when we are
talking about the discharge of a stream during the flood due to heavy rain.

However, on the other hand, there is a feedback for the process when water is also a driving force
for soil formation, and each state of soil changes over time (in particular, the saturation level, when all
pore spaces are filled with water, is varied). In fact, each water state of soil does not stable and static
for very long time as under the action of gravity water will start to drain out of the larger pores and
will be replaced by air [13]. Thus the soil permeability can be under dynamic processes during the
rainfall, and therefore it is difficult to estimate exactly the water balance for flood based on parameters
in comparison with water balance in equilibrium everyday state of river basin.

Other problem is to estimate the process of evaporation and transpiration of surface water to
atmosphere. The different regimes of these phenomena require a non-trivial analysis based not only
on climatic conditions but on the topography of relief and existing soil-vegetation zones as well.

If we take into account the groundwater possible impact on mentioned above processes the
situation with water balance estimation becomes sufficiently more complicated. The analysis of all
these processes is out of this paper and probably cannot be carried out in details in principle. We would
like now to underline only the fact that water balance estimation during the flood under heavy rain
has many problems from two sides.

First, fundamental—as a dynamic process of a soil permeability variation under two
counterpropagating water flows from both surface and ground, and also, their interaction
(see e.g., [14]).

Second, practical—uncertainty of the surface water discharge estimation in river basin during
the flood by existing methods and instruments of monitoring in spatially separated different areas in
river basin, including the evaporation/transpiration processes under different atmospheric conditions
developing in time.

There are many modern techniques and methods for determination of main control parameters
for catchment hydrology (precipitation, river flow, evapotranspiration, soil water, groundwater) but all
of them have some disadvantages and inexactness. Therefore a correct estimation of water budget has
many problems associated with errors of the technique employed. The principal item from practical
point of view is that for the water events the measured/available database is usually not enough for
values of vital parameters in dynamic developed processes of water flows.
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2.2. Overview of the Basic Water Balance Estimation Approach

Two 2015 disastrous floods are considered as the examples of the algorithm application. The first
one took place in the state of Louisiana, the USA, in the period of 7–20 June. It affected four parishes of
the state: Caddo Parish, Bossier Parish, Natchitoches Parish and Rapides Parish. The flood-generating
river was the Red River of the South with the catchment area of 169,890 km2 including some areas of
Texas, Oklahoma and Arkansas states of the USA.

The second disastrous flood took place in the state of Assam, India, in the period of
22 August–8 September. It affected more than 1.5 million people, 42 people died. Nearly 80% of
the state was engulfed by the flood [15]. The flood-generating river was the Brahmaputra river with
the catchment area of 651,334 km2 including the North-Eastern part of India and the South-Western
part of China.

The simplest model for water balance estimation inevitably includes such main elements:

• Precipitation
• Evaporation
• Soil permeability
• Calculated water mass
• Observed water mass

Since the aim of exact estimation with the defined precision isn’t set in this work some aspects are
purposefully simplified. For example accumulated water mass at a certain day is calculated simply:

Vi = ∑
n

Vin, (1)

Vin = Vi−1,n + (Pin − ein − pn) · Sn (2)

where Vi—the volume of the accumulated water mass in the whole catchment area at a day i, Vin—the
volume of the accumulated water mass in a region n at a day i, Pin—precipitation intensity in a region n
at a day i, ein—evaporation rate in a region n at a day i, pn—soil permeability of a region n, Sn—the area
of a region n. A region is meant as a specific part of the river catchment area with the similar weather
conditions. Region-to-region transfer of water mass is neglected (we just try to estimate the volume of
accumulated water mass in the entire basin), that’s why there is no index n − 1 in the formulas.

The certain temporal and spatial simplification parameters of the used arguments as well as the
sources of data are given in Table 1.

Table 1. Sources and simplification parameters of data.

Argument Temporal
Simplification Spatial Simplification Source

precipitation
intensity, Pin

exact daily data
precipitation intensity in any relatively large
city near the center of a region is extrapolated

to a whole region
AccuWeather service [16]

evaporation
rate, ein

monthly average
data

USA states: average evaporation rate of every
region is used; China regions: all the regions
are considered having the same evaporation

rate, characteristic for the riverhead of the
Brahmaputra river; India regions: all the
regions are considered having the same

evaporation rate, mentioned as the
evaporation rate of northeast India

USA states: National Oceanic and
Atmospheric Administration’s (NOAA)

National Weather Service [17]; China regions:
Integrated Project Water and Global Change

(EU WATCH project) [18]; India regions:
National Institute of Hydrology, Roorkee,

India [19]

soil
permeability,

pn

no temporal
dependence

different soil types of the region surface are
distinguished; resulting soil permeability of a

region is calculated as weighted average

soil types: Food and Agriculture
Organization of the United Nations

(FAO)/UNESCO Soil Map of the World [20];
soil permeability: tabular values [21]

the area of
region, Sn

no temporal
dependence - Google Maps service [22]



Hydrology 2016, 3, 41 4 of 11

Besides there are some significant remarks. Firstly evaporation rate does not include transpiration
because of its negligible role in the process of evapotranspiration. Secondly although there is Darcy’s
law exactly describing the process of percolation, for the aims of the present work tabular values of
permeability of different soil types are quite enough. So soil permeability of the specific region is
calculated using the formula:

pn = ∑ jk j pj (3)

where kj—is the approximate percentage of soil type j in the total area of a region, pj—minimal tabular
value of permeability of soil type j. Soil permeability in the context of the present work is measured
not in m2 as it appears in Darcy’s law, but in mm/day that means how much water daily permeate
through the one square unit of the surface.

So we have calculated water mass that potentially could be observed during the floods. And the
last thing we need to do is to compare calculation and real observation. Of course the most exact
data would be the really measured volume of water mass, but the problem is that there is no such
data. So we have to use two different but both approximate approaches to estimate really observed
water mass.

In the case of Assam flood we use firstly the statement of Assam State Disaster Management
Authority about the 80% of the Assam state flooding [15] and secondly numerous photo and video
evidences that the depth of flooding water mass was at least 0.5 m. Then we just multiply the area and
the depth to get the volume of observed water mass.

In the case of Louisiana flood more complex and precise approach is used. We take the information
about the Red River levels at Shreveport, Coushatta, Grand Ecore and Alexandria (the most affected
cities of the Louisiana state) [23] and combine this data with the topographic map of Louisiana
provided by TopoZone service [24]. Then like in the previous case we multiply the area and the depth
with the remark that we don’t take the whole flooded area but that part of it that accords to one of the
four selected cities. After all we sum four calculated values to get the resulting volume of observed
water mass. This approach allows us to get quite exact value.

2.3. Advanced Water Balance Estimation Approach

The main idea of the advanced water balance approach is to try to take into account the dynamic
property of the river basin system. Two parameters of the described above model require it most of all:

• Soil permeability
• Region-to-region transfer of water mass (streamflow)

Since the task of exact modeling of such a dynamic system is really difficult due to its spatial and
temporal complication some simplifications are made. Firstly to take into account rapid falling of soil
permeability caused by soil oversaturation this parameter is still considered as static but the initial
values are decreased to the values of the already saturated soil.

Secondly even the region-to-region transfer of water mass is obviously continuous dynamic
process it also can be split into discrete stages, so the exactness of the model is reduced to the needed
scale. Since daily scale is evidently too large, hourly scale seems to be quite exact in the context of
the present work. In this case measuring of streamflow is reduced to calculating the volume of water
masses which hourly cross the border between two neighboring regions. The model described in [25]
using the data of Global Flood Monitoring System [26] gives the opportunity to make the necessary
calculations with sufficient exactness.

Nevertheless since this approach is not dynamic in the exact meaning it should be considered as
just one of alternative approaches not replacing basic one described above.
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3. Results

3.1. The Louisiana Flood Analysis

In the case of the Louisiana flood, the flood-generating river was the Red River of the south.
The whole basin has been divided into seven regions (see Figure 1).
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Figure 1. The distinguished regions of the Red River basin.

In Table 2, some parameters of the distinguished regions are presented.

Table 2. The parameters of the Red River basin regions.

Region Name Area,
103 km2

Evaporation Rate,
mm/Day Prevailing Soils Estimated Soil

Permeability, mm/Day

Amarillo 24.4 May: 6.7; June: 8.0 kastanozems, luvisols 800.2
Lawton 34.4 May: 8.2; June: 10.5 kastanozems, luvisols, cambisols 900.1

Sherman 33.3 May: 5.9; June: 8.7 acrisols, cambisols, phaeozems,
luvisols, kastanozems 1450.1

Camden 35.5 May: 5.0; June: 5.7 acrisols, gleysols 0.1
Shreveport 16.8 May: 5.6; June: 6.3 acrisols, phaeozems, planosols, gleysols 3000.1

Monroe 13.1 May: 5.6; June: 6.3 acrisols, gleysols, luvisols 0.7
Alexandria 12.5 May: 4.8; June: 5.2 acrisols, gleysols, phaeozems, luvisols 500.2

As was mentioned above, the approach for calculating the observed water mass in the case of
the Louisiana flood is a little bit more complex than in the case of the Assam flood, so in Table 3 the
parameters of calculation are presented for better understanding the used approach. The final result is
11.0 × 109 m3.

Table 3. The Louisiana flood observed water mass calculation.

Affected City Flood Stage, m Red River Level on
11.06.2015, m

Estimated Observed
Water Mass, 109 m3

Shreveport 9.1 11.2 2.9
Coushatta 9.4 11.8 3.3

Grand Ecore 10.1 12.6 3.6
Alexandria 9.8 10.6 1.2
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Figure 2 shows the result of applying the formula for calculating the accumulated water mass for
the given parameters.
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Figure 2. Water balance of the Louisiana flood: light blue bars represent precipitation values,
pink bars—combined evaporation and permeation values, thin black line—accumulated water mass,
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3.2. The Louisiana Flood Advanced Analysis

The advanced water balance estimation approach uses almost the same input data as the basic
approach, but since we take into account region-to-region transfer of water mass, we do not need and
do not have to estimate the volume of accumulated water mass in the entire basin. It is necessary to
estimate the volume of accumulated water mass just in the regions of Shreveport and Alexandria,
where the flooding took place. Figure 3 demonstrates the results for both regions.

3.3. The Assam Flood Analysis

In the case of the Assam flood, the flood-generating river was the Brahmaputra River. The whole
basin has been divided into 10 regions (see Figure 4).

In Table 4, some parameters of the distinguished regions are presented.

Table 4. The parameters of the Brahmaputra river basin regions.

Region Name Area,
103 km2

Evaporation Rate,
mm/Day Prevailing Soils Estimated Soil

Permeability, mm/Day

Xigazê 122.9 July: 1.0; August: 1.0;
September: 1.4 lithosols 1.0

Lhasa 56.5 July: 1.0; August: 1.0;
September: 1.4 lithosols 1.0

Shannan 58.0 July: 1.0; August: 1.0;
September: 1.4 lithosols 1.0

Nyingchi 58.7 July: 1.0; August: 1.0;
September: 1.4 lithosols 1.0

Ngopok 50.4 July 3.9; August: 3.2;
September: 1.7 acrisols, cambisols 100.0

Dibrugarh 46.8 July: 3.9; August: 3.2;
September: 1.7 acrisols, cambisols 200.0

Gohpur 36.6 July: 3.9; August: 3.2;
September: 1.7 acrisols, cambisols 200.0

Tezpur 34.7 July: 3.9; August: 3.2;
September: 1.7 acrisols, nitosols, cambisols, regosols 100.4

Guwahati 43.4 July: 3.9; August: 3.2;
September: 1.7 acrisols, regosols, nitosols, cambisols 50.2

Alipurduar 143.3 July: 3.9; August: 3.2;
September: 1.7 acrisols, cambisols, gleysols, regosols 300.3
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After combining all the input parameters and applying the formula for calculating the
accumulated water mass, we obtained the following result (see Figure 5). The observed water mass
was calculated as 80% of the Assam state area (78,438 km2) multiplied by the 0.5 m depth that has
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4. Discussion

Despite the simplicity of the used model for water balance estimation, it makes us think about
whether precipitation is really enough for floods’ (and especially disastrous floods) emergence and
development. On the one hand, there are weaknesses in the presented model, the most significant
among which is the static character of the model: dynamic changes of the parameters are almost
neglected. The scales of temporal and spatial simplification are also too large. On the other hand,
the soil permeability values were taken as the tabular minimums, for example.

We now introduce the monitoring data of the artesian well level during the flood time at four
points through the Red River with respect to the timing of groundwater recharge and discharge, and its
impact on the flood event (see Figure 6). The data is provided by the United States Geological Survey’s
(USGS) National Water Information System [27].
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5. Conclusions 

The given analysis of water balance on the examples of two disastrous floods in 2015 does not 
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accumulated and observed water masses. The idea is not to downplay the role of precipitation in 
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see correlation between the level of water in artesian wells and flood development in Shreveport over
the days: maximal water levels both in Red River on 9 June 2015 and in the well practically coincide.
A principal fact is that the well water level has been increasing gradually for some months. In the same
time period, the well water level near Alexandria (being lower on the Red River bed in comparison
with Shreveport) has decreased.
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Then, for all of the cases, the artesian well level has decreased and goes to the equilibrium state
when the flood event has finished and the process of triggered/provoked and/or spontaneous release
of water has stopped.

Returning to the imbalance of calculated and observed water masses, it is important to underline
that it is quite large in both considered floods. In the case of the Assam flood, the difference is about
5 × 109 m3, and in the case of the Louisiana flood, the difference is about 7 × 109 m3. Even more
impressive are the relative differences: ≈15% in the case of the Assam flood and ≈60% in the case of the
Louisiana flood. So while we predict the potential area of flooding relying solely on the precipitation
intensity, there is a high risk of underestimation of the possible outcome. In addition, because there is
no other water source except groundwater, we have to more carefully estimate the role of groundwater
in flood development.
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Also note that the prevailing soil type in the most affected regions of Louisiana state is gleysols.
This soil type is characterized by a close interconnection with groundwater [28] which means that
groundwater aquifers are very close to the surface in those regions. We suggest it can really be of
importance and this fact is not worth underestimating since we see such a great relative difference
between the calculation and observation.

5. Conclusions

The given analysis of water balance on the examples of two disastrous floods in 2015 does not
pretend to be exhaustive. The only aim was to show the possible discrepancy between potentially
accumulated and observed water masses. The idea is not to downplay the role of precipitation in
flood emergence and development, but to consider the whole system of the river basin in the close
interconnection of its parts where the groundwater is as important an aspect as the precipitation,
especially when we consider disastrous floods.
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