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With an eye on all the natural functions of a river, the
present article considers the flow of the river Yamuna
in Delhi as an example of monsoon rivers in India.
About 80% of the total virgin flow of Indian rivers is
during the monsoon period and the remaining 20% is
during the non-monsoon period. In case of the river
Yamuna in Delhi, we find that at least 50% of the vir-
gin monsoon (July to September) flow is required for
transport of the full spectrum of soil particles in the
river sediment. A similar flow is needed for adequate
recharge of the floodplain aquifers along the river.
For the non-monsoon period (October to June), at
least 60% of the virgin flow is necessary to avoid
growth of still-water algae and to support river biodi-
versity. We conclude that about 50-60% of the virgin
flow is necessary throughout the year to maintain the
health of the river system.

Keywords: Algal choking, environmental flow, flushing
flow, monsoon rivers, sediment transport, soil particles.

A river, its catchment, basin and floodplain form a water
course made by nature over an evolutionary timescale of
tens of millions of years, which once damaged, often,
cannot be fully reclaimed. Rivers in India are now over-
drawn, silted and polluted. The health of the river system,
then, becomes a priority.

Indian rivers are monsoon rivers which have deep and
wide floodplain aquifers that run for thousands of kilo-
metres and serve as an enormous natural storage for
water"?. They get recharged by the river flow and floods,
especially during the monsoon period. They feed ground-
water aquifers in their environs. Given the increasing
scarcity of water, the rivers are likely to be one of few pe-
rennial water resources of the future.

If not polluted by human intervention, the water in a
river is the best water. In the millions of years of flow the
river has washed down salinity and other contaminants to
give good quality ‘mineral water’, which makes the river
a special and vital survival resource. Priority must rest in
the sustainability of all the ecological services the river
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provides. Care has to be taken to avoid injury to the cat-
chments, floodplains and the basin by overbuilding dams,
canals and from the discharge of pollutants into the riv-
ers. For this, environmental flow is required to maintain
ecological integrity of a river as a perennial resource.

Preserve and use

In the present circumstances of water scarcity due to
rising population, agriculture demands and urbanization,
the question that is assuming immense importance is how
to use river water resource in a non-invasive way? What
is the maximum sustainable water use from a river that
will maintain the ecological integrity of a river as a
perennial resource?

Like any other living system, the river needs to cleanse
itself. This happens when heavy rain helps the river to
flush out pollutants, silt and the still-water algae. For
Indian rivers this happens during the monsoon, when
80% of all rain falls each year. It is during these periods
of heavy rainfall that the river performs many essential
functions. The much higher discharge during the mon-
soon markedly increases the velocity and depth of flow.
This is essential for soil transport to avoid siltation of the
riverbed — a dire need for our rivers today. The rise in the
level of the river makes its reach and breadth larger.
Flooding inundates the floodplains and large tracts of sur-
rounding land recharging the groundwater. The faster
flow also increases the water pressure on the sides, which
is again good for recharge of the environs. Some of this
flow is returned to the river by the floodplains during the
lean season. This wetting of the surrounding areas also
revives the good bacteria in the subsoil, which clean up
the river. At the mouth or delta, the river performs the
important function of stopping the saline ingress of the
sea, supporting the barrier mangrove ecosystems and
producing a fertile interface between the river and the sea
both in terms of soil and fish — on which depend the live-
lihood of millions. We have to look upon the large mon-
soon flow as essential. If we cut this flow drastically,
many of nature’s functions and bounties that we take for
granted will be disrupted.

A report by the International Water Management Insti-
tute® indicates that if a river is to be maintained close to
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its pristine state, approximately 60-80% of its total mean
annual flow is required. The actual water use to avoid
environmental stress should be not more than 50% of the
total annual flow of the river (figure 2 in ref. 3).

Present river flows: Yamuna

The first question that arises is regarding the data on river
and its flow characteristics. We carry out this exercise for
the river Yamuna in the Delhi stretch (Figure 1). The
problem here is that there are many sets of data available
on flows and discharges, but they do not tally.

These flows must be consistent with such river parame-
ters as the depth of the river channel during monsoon and
non-monsoon periods, width of the river channel and
velocity of the flow. These parameters vary along the riv-
er course; so we can only give averages. This determines
the velocity of the flow — obviously the flow must be
faster when the channel is narrower. When the flow is
faster, the river transports more sand and other particulate
matter from the riverbed.

At the outset we would like to point out that the subject
of river flow is not an ‘exact’ or reductionist science like
space science or nanoscience. It has to be holistic and
convergent and thus sensibly approximate. Besides, we
have to factor in that rivers are heavily used for agricul-
ture, domestic supply in cities and for industrial supply,
therefore, we cannot always demand pristine river flows.
We have to safeguard all the essential natural functions
of the river and yet be practical. Below, we shall use
average parameters to find a consistent picture of the riv-
er dynamics for the case of the Yamuna river in Delhi.
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Figure 1. Location map of river Yamuna.
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Figure 2. A generalized river cross-section from Palla area, north of
Wazirabad (see Figure 1).
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River flow analysis

The total mean annual flow for the Yamuna river up to
the Delhi stretch (Figure 1) is about 13.9 thousand mil-
lion cubic meter (TMCM)®. The water abstraction from
river Yamuna for irrigation and drinking water uses till
Delhi is about 9.5 TMCM (ref. 5). This leaves only a free
river flow of about 4.4 TMCM. For the Yamuna, as for
most Indian rivers, ~80% of the flow (~11 TMCM)
occurs in the monsoon months (July to September) and
20% (2.8 TMCM) in the nine non-monsoon months (Jan-
uary to June and October to December)*®.

Data from the Irrigation and Flood department on
monthly release of water from the Wazirabad barrage
(Figure 1) in Delhi, indicate total release of 3.8 TMCM in
the monsoon months and 0.3 TMCM in the 9 non-
monsoon months®.

Our estimate of the river flow in Palla region, Delhi is
based on the following average set of data:

(i) The river cross-section which includes: (a) the main
channel of the river (measured several times at many
stretches) and averages about 80 m in width, which is occu-
pied through the year, in particular during the non-
monsoon period; (b) the gently sloping shoulder area out-
side the main channel, which is occupied by water when
the river stage increases beyond 207 m amsl (Figure 2).

(i) The depth of flow of water above the riverbed in
the main channel averages to about 0.6 m during the non-
monsoon period and rises to an average 2.5 m during the
monsoon period. We assume a rectangular cross-section
of the main channel: (a) of width 80 m and depth of flow
of water of 0.6 m during the non-monsoon period; (b) of
width 80 m and depth of flow of water of 2.5 m during
the monsoon period.

(iii) During monsoon period the gently sloping shoulders
have an average water depth of 1.9 m at the main chan-
nel, which goes to zero depth at the outer margins. Thus
for monsoon flow through shoulder areas adjacent to the
main river channel, we can approximate this by a rectan-
gular cross-section of the mean average water column
depth ~1 m and a width of 125 m on each side of the
main river channel.

(iv) The measured average velocity of the flow during
the non-monsoon period is ~ 0.4 m/s.

(v) The average slope of water surface is 0.00041.

From these data we determine the hydraulic radius of the
flow. Using appropriate roughness coefficients which
decrease proportionately with increase in river stage (see
for example ref. 7 and Supplementary Information, on-
line) for the flows in the main channel and shoulder dur-
ing the monsoon and non-monsoon periods, we determine
the velocities using Manning’s formula for different stag-
es and width sections and the corresponding discharge.
The data was used to prepare a scatter plot of total river
discharge (including shoulder flow adjacent to the main
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river) versus river stage and an appropriate trend line was
fitted in the plot. Thus a standard rating curve giving a
site specific stage discharge relationship was prepared
(Figure 3). A plot of river stage versus main river channel
flow velocity for high stage flood including peak flow
(Figure 4) was prepared to have an insight into relationship
between river stage and main river channel flow velocity.

In the non-monsoon period, the average river stage of
207 m amsl corresponds to a river channel discharge of
19 cubic m/sec (Figure 3). As mentioned above, the aver-
age monsoon river stage is 1.9 m above the non-monsoon
river stage of 207 m amsl; hence the average monsoon
river stage in the river channel was estimated as
208.9 m amsl. This corresponds to the main channel river
flow velocity of ~1.6 m/s in the monsoon period (Figure
4) and total river discharge of 507 cubic m/sec (Figure 3;
see Supplementary Information, online, for details). We
find good correspondence between our calculated dis-
charge and the observed discharge.

Rive(‘stage (m‘ amsl) ‘

0 500 1000 1500 2000 25¢

Total discharge (cumecs)
Figure 3. The stage—discharge rating curve for the site near Palla,
upstream of Wazirabad (see Figure 1) in the Delhi stretch of river
Yamuna.

5

w IN
.

N\

X

Main river channel flow velocity (m/s)
A 4

206 207 208 209 210 211
River stage (m amsl)

Figure 4. A plot of river stage versus main river channel flow velo-
city.
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Non-monsoon flow

The total present non-monsoon flow in nine months was
estimated at 0.44 TMCM (see Supplementary Information,
online). As mentioned above, the total mean annual vir-
gin flow of river Yamuna is 13.9 TMCM and 20% of this,
i.e. 2.8 TMCM, is the non-monsoon virgin flow in the
Delhi stretch (Figure 1). The present total non-monsoon
flow in nine months calculated above as 0.44 TMCM
is only 16% of the non-monsoon virgin flow of river
Yamuna. This is not the ideal non-monsoon flow required
for a river to perform its various functions.

Monsoon flow

The river flow regime widens considerably in the mon-
soon months. The flow regime can be segregated into riv-
er flow through the main river channel and through
areas adjacent to the main river channel (Figure 2). The
total monsoon flow in the main river channel in three
months was estimated as 2.5 TMCM and in the shoulder
areas adjacent to the main channel of river Yamuna it was
approximately 1.5 TMCM (Table 1 and Supplementary
Information, online).

Thus the present actual monsoon flow of river Yamuna
upstream of Wazirabad barrage (Figure 1) has been esti-
mated as approximately 4 TMCM, which gives an average
monthly flow during monsoon months of approximately
1.3 TMCM/month.

A summary of river flow during different seasons is
given in Table 1. It is estimated that the present mean
annual flow through this stretch of river Yamuna is
4.44 TMCM. It is approximately 32% of the total mean
annual virgin flow of river Yamuna through this stretch.
It is to be noted that these discharge figures are average
values and they are subject to annual variations.

Multiple environmental flow requirements

Environmental flow has multiple components, each per-
taining to a particular natural function of the river for
maintaining its ecological integrity. The question of what
constitutes a flushing flow and its significance is a grey
zone with varied opinions. Himalayan rivers carry
enormous sand, gravel and silt load during monsoon. But
the increasing diversion of water does not allow for natu-
ral flooding. Earlier, flooding used to deposit sand in the
floodplains and carry the rest to the sea. But now, much
of the soil is retained in the riverbed.

Thus, one important function of a Himalayan river in
the monsoon period is to be able flush out this debris to
avoid silting of the channel. This can only happen if the
force or velocity of the flow is large enough to transport
this material all the way to its mouth or delta. This has
not been happening in most of the rivers where siltation
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Table 1.

A summary of river flow during different seasons

River flow (TMCM)

Season main channel Shoulder flow Total Average river stage (m amsl)
Total monsoon (three months) 2.5 15 4.0 208.9
Total non-monsoon (nine months) 0.44 0 0.44 207
Total 2.94 1.5 4.44 -
of the riverbed is endemic and has recently also caused
unnecessary flooding. Add to this the heavy sewage dis- 3" e
charge of grit and even metallic waste into the river. It % ¢ T
thus requires a st_rong flow Fo carry away these .depos.lts § l/"
and keep the purity of the river channel. There is a hie- e T
rarchy of flows required for a river to perform its several e P
natural functions. These are discussed below. i ‘//
2 I
2
. o's "‘.'
Algal choking A
(5]
% 1/
To avoid still-water algal growth we need a minimum  2°1|°
flow velocity® of 0.75 m/s. The non-monsoon flow (nine

months) of river Yamuna to do this is estimated to be
1.8 TMCM (see Supplementary Information, online),
whereas the present total non-monsoon flow is just
0.44 TMCM. The estimated desired minimum non-
monsoon flow is approximately 60% of the estimated non-
monsoon virgin flow of 2.8 TMCM in river Yamuna.

Sediment transport

According to Brahm’s (Airy’s) empirical law, the rela-
tionship between the mass of the particle m and the river
flow velocity v required to transport it is as follows®*°

(ma/my) = (V1/V2)6,

where v is the velocity required to transport a particle of
mass m, and v, is the velocity required to transport a par-
ticle of mass m,.

Conventionally, the particle size is denoted by the
diameter and thus the particle sizes refer to the diameter
of the particle. The soil characteristics of the Yamuna
floodplain in Delhi (Figure 1) have a large spectrum of
particle sizes (diameter) from 30 um to 1 mm (ref. 6). For
constant density, the mass is approximately proportional
to third power of the diameter and thus the size of the
transported particles is proportional to the square of the
velocity (see Supplementary Information, online).

A flow velocity of 0.75 m/s can move only silt-sized
particles of size up to ~60 um (refs 8, 11). Using this as
initial data, the relationship between velocity required to
dislodge a particle of given size was mathematically
extrapolated using Brahm’s (Airy’s) law, which resulted
in a plot showing water flow velocity required to dislodge
the different particle sizes (Figure 5). The relationship
between flow velocity in the main river channel and total
monsoon discharge through river Yamuna is given in
Figure 6.
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Figure 5. A plot of particle size versus velocity of flowing water
required to dislodge the particle.
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Figure 6. A plot of total monsoon flow through the main channel of
river Yamuna and adjacent areas in Palla area, Delhi versus flow veloc-
ity in the main river channel.

The total monsoon discharge for a set of average mon-
soon river stages and the corresponding water flow velo-
city in the main channel and in the shoulder areas were
estimated (Table 2). The average monsoon river stage of
208.9 mamsl corresponds to the flow of 3.9 TMCM
(~36% of the total mean annual monsoon flow) through
the river Yamuna (Table 2). The velocity in the main river
channel at this total discharge was estimated at ~ 1.57 m/s
(Figure 6 and Table 2). This velocity of flow can dislodge
sediment particles of size ~ 265 pum (Figure 5).

The river channel is the faster flowing section of the
river and thus will have a larger fraction of the larger soil
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Table 2. Average monsoon flow through river Yamuna at Palla at different river stages

Shoulder flow area adjacent

Main river Yamuna channel of width 80 m to the main channel Total

Total Particle size Average depth  Flow Monsoon % of virgin
River stage column of Velocity transported* Discharge of flow of width  Velocity Discharge Discharge  flow monsoon
(mamsl)  water (m)  (m/s) (um) (m¥s) water (m) (m) (m/s) (m®fs) (m¥s)  (TMCM) flow
208.9 25 1.57 265 316 0.96 250 0.79 191 507 39 36
209 2.6 1.64 290 344 1.01 263 0.84 223 567 44 40
209.1 2.7 1.72 310 374 1.06 276 0.88 259 633 49 45
209.2 2.8 1.8 340 405 1.11 289 0.93 299 704 5.5 50
209.3 2.9 1.88 370 439 1.16 302 0.98 343 782 6.1 55
209.4 3.0 1.97 415 475 1.21 315 1.03 393 868 6.7 61

*Particle size refers to diameter of the particle.

Table 3. Difference between average monsoon river Yamuna stage

and peak flow river stage at Palla, Delhi

Difference between average monsoon river stage and
peak flow river stage (m)

Year July August September Average
2008 11 11 2.1 14
2009 0.9 15 0.8 11
2010 21 1.6 13 1.7
Three year average (m) 14

Source: Irrigation and Flood Control Department, Delhi.

particles and grit from sewage discharge. An average
monsoon flow of 5.5 TMCM (50% of the total mean
annual monsoon flow) through river Yamuna corresponds
to a river stage of 209.2 m amsl (Table 2). The velocity in
the main river channel at this total discharge was esti-
mated at 1.8 m/s (Figure 6; Table 2). This velocity of flow
can dislodge sediment particles of size ~340 um
(medium sand™) (Figure 5). The main channel can thus
be cleared of the larger and heavier sediments more effi-
ciently at this flow velocity. Field-based observations
show average monsoon peak flow to be approximately
1.4 m above the average monsoon river stage (Table 3).
Based on this, the peak flow associated with the average
monsoon river stage of 209.2 m amsl (corresponding to
total flow of 5.5 TMCM) would be 210.6 m amsl. The
flow velocity in the main river channel at the river stage
of 210.6 m amsl would be 3.4 m/s (Figure 4). This river
flow velocity is sufficient to dislodge particles of size
~1200 pum (1.2 mm; coarse sand™*; Figure 5). Hence this
river flow velocity will efficiently remove most of the
heavy sediments and grit from the main river channel and
prevent siltation and shallowing of the river channel.

The water flow velocity in areas adjacent to the main
river channel corresponding to this monsoon flow of
5.5 TMCM at a river stage of 209.2 m amsl was estimated
at 0.93 m/s (Table 2). This flow velocity can dislodge se-
diments particle of size ~95pum (very fine sand;
Figure 5). Such well-sorted sediments will have higher
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permeability leading to enhancement in river bank sto-
rage during the monsoon floods.

Empirically, it is clear that the river is heavily silted and
at present has a depth of only 0.6 m in summer. To remove
all riverbed particles of diameter up to 1-2 mm (coarse
sand to very fine gravel)** will require a monsoon flow
larger than 50% (5.5 MCM), but we also have to balance
this with reality (agricultural needs). A 50% (5.5 MCM)
monsoon flow can dislodge particles of diameter up to
~ 1.2 mm; however, when such particles are transported and
desilting occurs, the main channel will deepen enhancing
the flow velocity. Consequently, even particles of larger
size will be transported. We conclude that at least 50%
(5.5 TMCM) of the monsoon virgin flow of river Yamuna
is the flushing flow required in this stretch.

The delta and sea interface

The fertility of the delta and sea interface depends
crucially on the transport of soil materials down to the
river mouth, which in turn depends on having reasonable
flushing flows. Strong flows are needed to avoid ingress
of the sea, and preserve the mangrove interface. Thus, on-
ly if the flushing flow in the monsoon months is main-
tained can the environmental requirements of the delta
and sea interface region be reasonably met.

Dolphins and biodiversity

The river dolphin and fish have disappeared from the
Yamuna. The flow prior to Delhi (Figure 1) has a water
depth of about 0.6 m through the peak summer months,
which is too meagre to support a healthy fish population.
The flow downstream of Delhi is mainly sewage, for this
period, which is again not optimal. Besides, there is a
variety of floodplain biodiversity which needs this mini-
mum flow. If the mean annual environmental flow of riv-
er Yamuna is maintained at approximately 50-60% of its
total annual flow, it may suffice for the ecological
requirement of the river.
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Recharge flows

The alluvial sandy soil in the Yamuna floodplain has
aquifer parameters conducive for recharging the aquifer
during a normal monsoon season'?. The water flowing
through river Yamuna, the groundwater in river bank sto-
rage (floodplain just by the side of the river) and the oth-
er water bodies are in dynamic equilibrium®®. It is thus
important to assess the desirable monsoon flow in river
Yamuna required for proper recharging of floodplain
aquifers.

The groundwater velocity through the sand in the
Yamuna floodplain, at peak flood (river stage =
210.3 mamsl) has been estimated as 2.12 m/day. With
this velocity, the lateral groundwater recharge beyond the
flooded stretch over a period of three months (post-peak
flood), would be about 200 m on either side (see Supple-
mentary Information, online).

During the peak monsoon flow the river expands to a
breadth of ~500 m and recharges the floodplain by gra-
vity recharge. An additional ~400 m is recharged by lateral
groundwater flow. Therefore, the total width of the flood-
plain recharged by the river during monsoon is ~ 0.9 km.

It is still not enough to recharge the whole floodplain,
which stretches at least 5km. 50% virgin flow will
certainly widen the reach of the river, thus enabling more
recharge.

Besides, wetting of the soil is also important as the
good bacteria that can breakdown nitrates function only
in the presence of water. These are strong reasons to
maintain such ecological flows to preserve the recharge
and quality of the water provided by the river, as aquifers
are getting significantly impoverished.

Dilution flow

The city of Delhi is an urban mess, with a population
touching 20 million which is way beyond its carrying
capacity'®. Downstream of Wazirabad barrage (Figure 1),
a series of about 20 drains flow into the Yamuna making
it a giant drain®®. The city generates ~ 3.27 MCM/day of
treated and untreated sewage®. The annual average
biochemical oxygen demand (BOD) varies from 11 to
24 mg/l in the river water. The desired standard for BOD
level in the river® water is 3 mg/l. Thus the average non-
monsoon season BOD level is close to eight times more
than the desirable level. This would require a dilution of
eight times to make it fall into safe health limits, or a
freshwater flow of over 20 MCM per day. Clearly, during
the monsoon months there is adequate dilution flow to
maintain health standards. But during the nine non-
monsoon months this is not possible. Thus, in the non-
monsoon months, there is no option but to treat the se-
wage of Delhi and reduce the BOD to no more than
5 mg/l. Thus, Yamuna needs comprehensive cleansing of
sewage.
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Minimum flow

A Memorandum of Understanding (MOU) between basin
states of river Yamuna for sharing of the river water sets
aside a minimum flow of 10 m%/s throughout the year, for
ecological purposes'®. This amounts to a minimum
freshwater flow in the river of 0.86 MCM/day, whereas
we found that one needs about 6.6 MCM/day just to
avoid algal choking.

Discussion

In case of the Yamuna, there are no dams but only
barrages which are generally kept open during the mon-
soon, especially at flood or peak flood, when maximum
soil transport occurs. This situation is then a good
approximation of real-time virgin flow.

Unfortunately, the data we have been able to gather
have been limited due to their non-availability in the pub-
lic domain and thus the analysis here is at best localized
and approximate. However, it is still significant. To our
knowledge there have been no analyses earlier connecting
monsoon discharge with average midstream velocities of
flow required to transport the full spectrum (in size/mass)
of soil particles found on the riverbed. In general, varia-
tion in the bed roughness, variation in the cross-sections
of the river, presence of control structures such as dams,
weirs, barrages, etc. can affect the flow at a location.
However, we have avoided such complications in the
present study.

Our findings, though particular to the Yamuna, will
have an approximate validity for many monsoon rivers, in
spite of the non-availability of relevant data. For exam-
ple, the Godavari as it enters its delta has a total flow of
about 110.5 TMCM, with only about 31.3 TMCM uti-
lized'” which means that only 28% of the flow is utilized.
Further, the maximum (peak) velocity of flow at the Gol-
den Arch Bridge at Rajahmundry has been found to be
5 m/s (ref. 18).

Thus, for the Godavari which has a healthy 72% free
flow, the peak flow is well beyond 3.4 m/s that we found
is required in the Yamuna to transport out soil particles of
1.2 mm; this happens when the average flow is over 50%
of the total flow during the monsoon. This indicates that
the appropriate minimum soil transport flow for the
Godavari will also work out to about 50% of the total
monsoon flow. Also, river Narmada at the Golden bridge
in Bharuch, as it enters its delta has a total flow of about
45.6 TMCM, with about 23.6 TMCM utilized, which is
nearly 50% of the total flow. This is close to the appro-
priate transport flow that we have found for the Yamuna.
The peak flow velocities in this case also exceed 3 m/s.
This supports the case that for the monsoon rivers in
India in general, the norm for adequate soil transport and
desilting requires over 50% of total monsoon flow.
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Conclusion

We have attempted a detailed analysis to work out a ge-
nuine ecological flow that can maintain the health of
a river and all its natural functions. Our finding is that a
river needs close to 50-60% of the total flow to be safe-
guarded as free flow, regardless of the season. Briefly,
during the monsoon, 50% of the free flow is needed for
efficient soil transport (to avoid silting of the riverbed)
and during the non-monsoon period, 60% of the free flow
is needed to avoid algal choking. Since rivers in India are
monsoon rivers, setting a single norm of 50-60% of the
total flow as free flow, all year the round, would be
appropriate for most rivers.

The long-term consequences of overexploiting a river
and cutting flows will terminally affect the river and its
surroundings. In this context the river Yamuna is already
overexploited™ (see Supplementary Information, online).
We suggest that since the lean season use is mainly for
agriculture, restoration of water flow in water scarce
rivers can be accomplished by water harvesting, more
efficient agricultural practices like drip irrigation and
shifting more water-intensive agriculture (for example,
rice and sugarcane) to water-surplus areas.
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