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Application of BHIWA Hydrological Model in Qiantang River Basin'
Jianxin Mu®,  Zhanyi Gao®

ABSTRACT

The Basin-wide Holistic Integrated Water Assessment (BHIWA) hydrological model was used
in this paper in an attempt to simulate the water balance of the Qiantang River basin, as well as
analyze the impacts of land and water use, and changes in the climate on resources of the basin.
The model was run on a monthly basis, and calibrated by comparing the calculated and
observed monthly outflows total groundwater recharges and withdrawals withdrawals for
irrigation, and the total withdrawal for irrigation domestic and industry (D&I) at present (2000).
Furthermore, the BHIWA model was applied to simulate the previous conditions of the basin
dating back to 1980 and for future scenarios (2025) to analyze the effects of water policies and
sectoral demands on water resources. The results calculated from the BHIWA model displayed
how the model could be a useful tool for basin-level water assessment, especially in humid

areas.
Key words: BHIWA model, land and water use, water balance, scenarios
INTRODUCTION

The Qiantang River basin, lies between the following coordinates: longitude 118  East to 121
East and latitude 28 North to 31  North. It extends across Zhejiang, Anhui, Jiangxi, Fujian
and Shanghai five provinces/municipalities making up a total of 55558 Km® of catchment area.
The catchment area involved in this report is 35500 Km? in the upstream of Hangzhou Gate
within the boundaries of Zhejiang Province that are under the jurisdiction of Hangzhou, Quzhou,
Jinhua, Shaoxing and Lishui five municipalities/prefectures. This also includes the total of 27
counties, cities, and districts (hereinafter the scope of Qiantang River basin). Location of the
Qiangtang River basin in China is shown in Figure 1.

According to statistical data gathered in 2000, the total population of the Qiantang Basin was
10.67 million (accounting for 24% of the total of Zhejiang Province) with 0.4240 Mha of
cultivatable land (accounting for 11.9% of the total land area in Qiantang Basin and 31% of the
total cultivated area of Zhejiang Province), including 0.3604 Mha of paddy field and 0.0636
Mha of upland. The per capita cultivated area in this river basin is 0.04 ha, and total orchard
area 0.1309 Mha, accounting for 3.7% of the total land area.

The Qiantang River basin is a subtropical monsoon climate with four distinct seasons. The
average annual precipitation is between 1200 mm and 2200 mm, with an estimated loss of water

! This paper is originated from a Country Policy Support Programme (CPSP) that was initiated by the International
Commission on Irrigation and Drainage (ICID) and financed by the government of the Netherlands.

2 Corresponding author: Dept. of irrigation and drainage, China institute of water resources and hydropower research
(IWHR), P.O.Box 366, Beijing 100044, P.R.China.



due to evaporation being between 800 mm and 1000 mm. The total volume of water resources in
Qiantang River basin (upstream of Hangzhou Gate) is 38.64 billion m’, including 7.71 billion
m?® of unconfined groundwater resources, accounting for 20% of the total volume.
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Figure 1 Location of Qiantang River basin in China

The Qiantang River basin has naturally favorable conditions which endow this basin with rich
agricultural resources. Intensive cultivation from the combination of agriculture and husbandry
etc., with traditional agriculture practices are apart of the basin’s long history of development.
Furthermore, the Qiantang River basin also promises great potential in the development of
forestry and fishery, both of which are important areas for the overall development of Zhejiang

Province and Anhui Province. The main land uses in Qiantang River basin is shown in Table 1.

Table 1 Main Land Uses in Qiantang River basin in 2000

Land use(Million ha) Upstream Downstream
Total land area 2.520 1.030
Available cultivated area 0.2888 0.1352
Gross cropped area 0.5776 0.2704
Farmland irrigated area 0.2679 0.1254
Fruit irrigated area 0.1052 0.0256
Forest area 0.9673 0.4527

The staple crops of the Qiantang River basin are the following: paddy rice, wheat, barley, maize,
soybean, potatoes, tea, rape, cotton, sugarcane, medical materials. In addition, cash crops for the
basin are tea-tree oil, oranges, bayberries, grapes, persimmons, young trees, and loquats. With
the development of local rural township and village enterprises in recent years, the economy in

this river basin has developed rapidly.



The model was calibrated for the present conditions and applied to derive responses
corresponding to past and future scenarios at monthly intervals. The basin was divided into two
sub-basins to allow the segregation of areas with similar hydrologic and water use attributes.

Studies were done at the sub basin level. The two sub-basins studied are:

SB1 : Upstream of Fuchunjiang Reservoir
SB2 : Downstream of Fuchunjiang Reservoir

In the year 2000, the socio-economic conditions, including population, cultivated area, orchard

area, and equivalent sheep’ in the two SBs are shown in Table 2.

Table 2  Socio-Economic Conditions of SBs in Qiantang Basin

Population Cultivated area
SB (millions) (Km?) Orchard  Equivalent sheep
(Km?) (millions)
Urban Rural Subtotal | Paddy Upland Subtotal
SB1| 2.41 493 7.33 2403.52 484.82 2888.34 | 1052.59 9.00
SB2| 1.15 2.19 3.34 1200.66 151.21 1351.87 256.08 2.82
Total| 3.56 7.11 10.67 | 3604.18 636.03 4240.21 | 1308.67 11.82

The SB1 comprises around two thirds of the surface water storages and land area. The soil
moisture capacity varied according to each type of land use, and values consistent with the

likely root zone depths and field capacities were taken into account.

The water storage and water supply capacities of various projects during the year 2000, which
were the key factors to check the rationalities of surface storage filling, depletion and the area

under reservoirs, are detailed in Table 3.

Table 3 Water Supply Capacities of Various Projects for the Present Conditions
(Millions m")

Live storage of | Live storage |Water supply capacity . .
SB |medium and large| of small | of water withdrawal Water supply cap af:lty of | Total live
. . . groundwater projects storage
reservoirs reservoirs projects
SB1 1142.56 690.57 1169.51 212.16 1833.13
SB2 81.3 195.89 729.39 72.89 277.19
Total 1223.86 886.46 1898.9 285.05 2110.32

3 Equivalent sheep was used in this paper as a standard to calculate the water consumption by livestock.



LAND USE TYPES

From Table 2 paddy rice is the major crop in this basin, making up for 85% of the total
cultivated area. Fruit and rapeseed etc., cash crops are also very common, the cropping area of
rapeseed in 2000 was 733 Km, amounting to 12% of the total cropping area. Following fourteen
standard land-use types were used in the model. The area under the reservoirs (including ponds
and swamps) were equivalent to the total cultivated area because these reservoirs also take on
the functions of flood control and power generation besides irrigation and D & I water supply.
Moreover, with the rapid socio-economic development and adjustment of cropping pattern,
more and more farmlands were converted into ponds for fisheries since 1980 when the reform
and opening-up policies were carried out broadly. Table 4 displays land categories used in the
model, out of which the parcels from P5 to P10 represent the rain-fed land and the parcels from
11 to 18 represent the irrigated land. Similar crop rotations were assumed in both of the rain-fed
and irrigated lands.

Table 4 Land Categories Used in the Model
P1 Forest and miscellaneous trees

P2 Permanent pastures

P3 Land not available for cultivation, waste, & fallow

P4 Land under reservoirs

P5 Rain-fed soybean and wheat
P6 Rain-fed fruit

P7 N/E
P8 N/E
P9 N/E
P10 |N/E

P11  |Irrigated double cropping of rice

P12 |Irrigated early rice and autumn maize

P13 |Irrigated single cropping of rice and rapeseed/vegetable

P14  |Irrigated t sugarcane and barley

P15  |Irrigated cotton and wheat

P16  |Irrigated sweet potato and vegetable

P17  |Irrigated vegetable
P18  |Irrigated fruit

SCENARIOS STUDIED

The various scenarios studied are showed in Table 5. Table 6 provides a clear benchmark in
various scenarios which display land use and water consumption in the Qiantang Basin. The

land use data used in different scenarios is depicted in Figure 2.

The model was run on a monthly basis for the average rainfall, and ET, conditions for the past,

present and future scenarios.



Table S Description of Scenarios
Sr.
No. Abbreviation Explanatory notes
. Past (1980) Since the implementation of reforms and “opening-up” policies after
1980s, the social economy developed quickly.
2. Present (2000) To date.
Future I (2025) | With increased water infrastructure (and smalimports in water), the
3 Business as | expansion of irrigation with cropping patterns resembling the
Usual present. Proportion of surface & groundwater irrigation same as
present.
4 Future II (2025) | With no expansion of water infrastructure (and small imports in
water), shift in cropping pattern, and better water management.
Future IIT | With the increased of water infrastructure (and small imports in
5. (2025) water) expansion of irrigation, shift in cropping patterns, increased
groundwater use, and better water management.
Future IV | With increased water infrastructure (and small imports in water), no
6 (2025) expansion in irrigation, shift in cropping patterns, more industries,
increased groundwater use, exports of water, and better water
management.
Future V (2025), | With increased water infrastructure (and small imports in water), no
7. agri. seasonal | expansion of irrigation, more industries, increased groundwater use,
shift and better water management.
Table 6 Future Scenario Comparison in BHIWA Model
Future Additional water More irrigation Water
Scenario infrastructure area Industry management
Yes +No shift in
FI (BAU) Yes CP [cropping Normal As usual
pattern]
FII No Nosi?flﬁﬁsgl? * Normal Better
FIII Yes Yes + Shift in CP Normal Better + More GW use
v | Nommen | g [P Mon OW
FV No No exp qnsion " Normal Better + More GW use
Shift in CP

Note: BAU — Business As Usual; F — Future; CP - Cropping Pattern; GW — Ground Water



Distribution of net land area
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Figure 2. Distribution of the Net Land Area in Qiantang Basin
MODEL CALIBRATION

Because the Qiantang basin is an area abundant with water resources, surface water resources
are the major source of water for agricultural, domestic, and industrial use while groundwater
resources have not been used in irrigation so far, except in small quantities for domestic and
industrial uses. Consequently, there are no apparent groundwater fluctuations because no data
has been collected for this basin. The model was calibrated and validated by adopting the
following steps with the available data computed by the model and estimations made by
Qiantang Basin Management Bureau for the present conditions.

1. Comparing the total monthly outflow (surface runoff plus base flow) of SB1 and SB2 with
the observed monthly runoff.

2. Comparing the percentage of rainfall, percolating into groundwater (the natural recharge rate
from precipitation), with the generally adopted norms.

3. Comparing the total groundwater recharge and withdrawal, as computed by the model, with
the estimates of the Qiantang Basin Management Bureau.

4. Comparing the withdrawal for irrigation, and total withdrawal for irrigation, domestic, and
industrial use (D&I), as computed by the model, with the estimates of the Qiantang Basin

Management Bureau.

The boundaries of the Qiantang River basin were dictated by administrative units
(municipalities) not hydrologic units, therefore natural inflows from outside the area of study
and similarly outflows flowing from the area of study passing through the administrative areas
were not measured. In the assessment as made, this measurement was taken into consideration

by using the proportioned flow as generated from the model in the study area.



In terms of monthly outflow to sea, this model has matched the present conditions fairly
accurately, where the difference between the total outflows computed by the model and data
observed by local hydrological stations was only around 0.5%. Figure 3 shows the computed
and observed average monthly values.
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Figure 3 Comparison of Computed and Observed Average River Flow

Regarding the total recharge rate to groundwater, and total withdrawals for irrigation and D & I,
the differences between the computed and estimated totals were also not very high, measuring at
14.18% and 8.2% respectively. Therefore, generally speaking, this model demonstrates
comparatively the accuracy of the model in the humid area. The main computed, and estimated
results for the present conditions are shown in Table 7.

Table 7 Comparison of Computed and Observed Results
for the Present Conditions (millions m*)

Computed by the . Difference
Items model Estimated (%)
Percentage of groundwater recharged
from rainfall 9 8 10.92
Total recharge to groundwater
7451 6525 14.18
Groundwater fluctuation within the year|
2451 NA
Total outflow to sea
32542 32703 -0.5
Withdrawal for irrigation
4497 5028.8 -10.6
Withdrawal for irrigation, drainage, and
irrigation 5909 6436.0 -8.2

With the above calibration, the general validation of the model was accepted with the following
values of main parameters:



1. Soil moisture storage capacity: varies with soil type and land use: 200 mm for forests, 100
mm for pastures and fruit, 7Smm for agricultural lands (but 150 mm for paddies) and 40 mm
for bare lands or lands for other uses. Higher capacity values lead to higher
evapo-transpiration and lower flows after rainfall, thus giving a better calibration but values

higher than these were not tried as such capacities were unlikely to be available.

2. The excess water was divided, assuming that 85 percent of yields would be surface and
sub-surface runoff (or quick runoff) flow, and 15 percent of yields would be infiltrated to

groundwater. With this assumption, a reasonable annual recharge was realized.

3. The exponential index, depicting the reduction in the rate of evapo-transpiration from soil

moisture was kept at 0.6.

4. The groundwater recession coefficient of 0.27 allowed the persistence of good base flows,
base flows on the other hand both in the prototype and in the model were high, particularly

from May to November. As groundwater withdrawals were minimal in the Qiantang basin.

5. The Qiantang River basin is a humid area in the south of China; therefore soil moisture
capacity was used as the initial soil moisture of the first month —January for each land

parcel.

SIMULATION OF PAST AND FUTURE CONDITIONS

The model was applied to simulate the past (1980) conditions and for all the future scenarios

enumerated above with the average rainfall and ET,.

The inputs and outputs of the following hydrologic models in Table 8 and Table 9 are all in
million cubic meters. The abstracted results presented in the tables represent the surface, and

ground water balances at the basin level.

DISCUSSION OF RESULTS
General

Based on the present conditions and average rainfall, the modified model response for
sustainable water use conditions is briefly described below.

a) The model indicates that the average flows for the year 2000 were as follows:
SB1: 23,308 million cubic meters
SB2: 9,234 million cubic meters

Total basin: 32,542 million cubic meters

The total flow computed from the model is somewhat less than the observed one, which
is 32,703 million cubic meters.



b) For the conditions found in 2000, the withdrawals required for sustaining agricultural

(irrigation) uses, all from surface water was 4,497 million m’, and the withdrawals for
domestic and industrial uses were 1,302 million m® from surface water, and 110 million m®
from groundwater. Therefore, calculations based in the year 2000 suggest there are large

potentials in the development of groundwater in the Qiantang basin.

The total natural recharge from rainfall for the basin was computed by the model to be
5,143 million cubic meters, which is about 8.9 percent of average annual rainfall of 57,958
million cubic meters. With the absence of groundwater use for irrigation in this basin so far,
exploiting groundwater for both agricultural and D & I uses inevitably has been a priority
for local Integrated Water Resources Development and Management (IWRDM) in order to
achieve the sustainable development and use of water resources. Therefore, in Future I1I,
Future IV and Future V scenarios, 20 percent of groundwater are abstracted. Moreover,
water exports, 180 million cubic meters upstream and 90 million cubic meters downstream,
together with better water management were also adopted in Future IV to exploit the
potential water resources, even though up to the year 2000, no plans were made for the
export of water in this area.



Table 8. Annual Water Balance for Surface Water Resource System - Qiantang Basin (Steady State, Average Rainfall)

(Millions m®)

Future II (2025), no Future IV (2025), | Future V (2025),
Future I (2025) expansion of Future III (2025) more industries, No expansion of
B as U, with irrigation same as FII, with | more groundwater | irrigation, more
increased infrastructure, more groundwater | use, export water GW use, better
Past Present irrigation better water use and better water| and better water water
(1980) (2000) infrastructure management management management management
Inputs
Quick runoff from rainfall | 29679 29522 28572 28676 28525 28579 28847
Base flow 7980 7341 7387 6550 6242 5999 6603
Returns to surface from ), 972 1068 881 810 694 792
surface irrigation
Returns to surface from|
GW irrigation 0 0 0 0 26 22 24
Retums to surface from ) 507 990 990 990 1363 1363
D&I1 withdrawals
Sub-total, returns to surface| 1521 1479 2058 1871 1826 2079 2179
0 0 56 56 56 56 56
Imports
Total inputs 39180 38341 38073 37152 36649 36713 37685
Outputs
Surface  withdrawals  forl 537 4497 4701 3218 2960 2477 3573
irrigation in the basin
Surface withdrawals for
D&I in the basin 820 1302 2511 2511 2511 3448 3448
Total “surface withdrawals, ¢, 9, 5799 7212 5729 5471 5925 7021
for use in the basin
Natural and induced
recharge from river to GW 0 0 0 0 0 0 0
Outflow to sea 32990 32542 30861 31423 31178 30518 30664
Export 0 0 0 0 0 270 0
Total output 39180 38341 38073 37152 36649 36713 37685
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Table 9. Annual Water Balance for Groundwater - Qiantang Basin
(Steady State, Average Rainfall)
(millions m?)

Past [Present
Future I |Future II | Future 111 [Future IV |[Future V
(1980) | (2000)
Inputs
Natural recharge
) 5182 5143 4966 4984 4958 4967 5015
from rainfall
Returns to GW from
L 2824 2268 2491 1636 1505 1289 1848
surface irrigation
Returns to GW from
Co. 0 0 0 0 491 422 457
GW irrigation
Returns to GW fi
CIUrS 10 oM 1 40 40 40 40 77 77
D&I  withdrawals
Sub-total, returns to
2838 2308 2531 1676 2036 1788 2382
GW
Natural and induced
recharge from river; O 0 0 0 0 0 0
to GW
GW flow from other
. 0 0 0 0 0 0 0
basins
Total inputs 8020 7451 7497 6660 6994 6756 7397
Outputs
GW  irrigation
withdrawals,
including GW 0 0 0 0 641 537 574
pumping to surface
canals
GW withdrawals for|
40 110 110 110 110 220 220
D&I use
Sub-total GW
. 40 110 110 110 751 757 794
withdrawals
Base flow to rivers 7980 7341 7387 6550 6242 5999 6603
GW flow to other
) 0 0 0 0 0 0 0
basins
Direct GW flow to
0 0 0 0 0 0 0
sea
Total outputs 8020 7451 7497 6660 6994 6756 7397
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Consumptive use of water

The total consumptive use of water in the year 2000 was 25,322 million m®, comprising of
17,130 million m® from the nature sector, 7,353 million m® from the agricultural sector, and 838
million m’ from domestic and industrial consumption (D&I). Consumption from the agricultural
sector is made up ET in rain-fed and irrigated lands, additional ET met from irrigation and
reservoir evaporation. Non-beneficial consumption would be from reservoir, waterlogged areas,
or from lands without crops in particular seasons. The beneficial consumptive use of nature
sector in the future five scenarios increased remarkably due to the expansion of forest area (the
coverage rate of forest is increased from 36.4% in 1980 to 40% in 2000 and 50% in 2025), but
the non-beneficial ET is reduced correspondingly due to the decrease of waste and fallow land
area.

The Scenario Future IV is attempted to reach an optimum rate of development from using more
groundwater, better management, water exports, and the increase of industrial water use. Even
though the river flow has been reduced from 30,861 million cubic meters to 30,518 million
cubic meters compared with the Business as Usual Scenario, the total consumptive use in
Scenario Future IV was 27,150 million cubic meters, close to the value of Business as Usual
Scenario of 27,077 million cubic meters. Table 10 summarizes the composition of sector

consumptive use under different scenarios.

Table 10 Consumptive Use (Evapo-Transpiration) by Sector
(Millions m®)

Past Present |Future I |Future II| Future III | Future IV |Future V
(1980) (2000)

Nature sector
beneficial 10126 11128 13908 | 13910 13910 13910 13126
non beneficial 7102 6003 4075 4241 3936 3850 4435
Subtotal 17228 17130 17983 | 18151 17846 17760 17561

Agriculture sector
beneficial 4647 4207 4368 4207 4667 4615 4515
non-beneficial 2503 3147 3136 2565 2656 2548 2969
Subtotal 7150 7353 7503 6772 7323 7163 7484
Dii:ﬁ)er‘;ple 535 838 1591 | 1591 | 1591 2208 | 2228
Total for all

sectors 24913 25322 27077 | 26514 26760 27150 27274

12



Surface water

From 1980 to 2000, surface water was the major source of water in the Qiantang Basin,
particularly in agriculture, where 100 percent of irrigation withdrawals were from surface water.
For D&I uses, 95.3 percent of D&I withdrawals were from surface water in 1980 and 92.2
percent in 2000. In terms of total water withdrawals for agriculture and D&I, 99.4 percent is
from surface water in the past and 98.1 percent at present. Therefore, the abundances of surface

water resources are ideal for local socio-economic development.

According to the model, the surface water withdrawals in year 2000 were 10.0 percent of the
total inputs, and return flows contributed only 2.6 percent of input, the base flow was 7,341
million cubic meters, 12.6 percent of the total inputs available in all the months. In the year
2000, with average rainfall, total return flows contribute 6.5 percent of total inputs and total
withdrawals are equal to 10 percent of the inputs.

In the future scenarios with the average rainfall, even with more water consumption for
agriculture and D&I, the maximum withdrawals was only 13.5 percent of the total inputs while
the maximum return flows constituted 8 percent of the total inputs. Therefore, the sustainability

of water resources can be guaranteed in this area according to the future scenarios.

Groundwater

0.2 per cent of total inputs had been exploited for D&I use in the year 2000, return flows,
natural & human together, constituted 4 percent of the inputs. Therefore, more groundwater use
had been adopted in future three scenarios. At the same time, the abundant surface and
groundwater resources also made a scenario for the export of water possible. In Future IV
scenario, 20 per cent of ground water was planned to be used and a total of 270 million cubic
meters of water was planned to be exported to other water short basins. But even then, the total
withdrawals from groundwater in the basin are only 1.3 percent of the total inputs and the return
flow would constitute about 3 percent of the inputs. The potentials for groundwater development
are very huge in this basin.

The withdrawals of both surface and ground water for different purposes, and for different
scenarios are shown in Figure 4. Because rice paddies are the largest consumers of water and the
major crop in this basin, anticipation of crop diversity and movement away from the production
of rice led to the notable reduction of surface water consumption for irrigation in the last four
scenarios. However, with the rapid growth in population, rapid development of industries and
urbanization, the withdrawals for domestic and industrial use nearly doubled in Future I, II & 111
scenarios, and increased by 160 percent in Future IV & V scenarios. The ratio of irrigation
withdrawals to total withdrawals was reduced from 86 percent in the past to 76 percent in

13



2000,and later to 45 percent in Future IV scenario.
Groundwater Pumping & Induced Recharges

The agriculture, domestic, and industrial water demand have been satisfied from both surface
water and groundwater. When the surface water was not available, additional pumping from
groundwater to the surface canals was required to meet the demand. Similarly, because of heavy
ground water withdrawals, the sustainability of the ground water storage, under the average
recharge conditions was disturbed, this required the assumption of natural & induced recharge
from surface to groundwater. The abundance of surface water resources in this river basin has
been high enough to meet local water demand as well as the base flow even in dry seasons,
groundwater pumping into canals to meet the deficits in surface water was not used. Meanwhile,
due to the underdevelopment of groundwater resources, artificial recharges to balance
groundwater table is unnecessary.

Composition of Withdrawals
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Figure 4. Composition of Withdrawals in Qiantang Basin

Water situation indicators

In BHIWA Model, four water situation indicators were proposed to depict the level of water use
(withdrawals) and potential of hazard (due to return flow) to water quality. Table 10 presents the
values of these indicators for Qiantang Basin. Out of which, indicator 1 and 2 represent
respectively the proportion of surface withdrawal and return flows taking up total surface inputs,
while indicators 3 and 4 represent respectively the proportion of groundwater withdrawal and

return flows taking up total groundwater inputs.

14



Table 10. Water Situation Indicators

Past Present
Future I | Future II | Future III | Future IV | Future V
(1980) (2000)
Indicator 1 0.16 0.15 0.19 0.15 0.15 0.16 0.19
Indicator 2 0.04 0.04 0.05 0.05 0.05 0.06 0.06
Indicator 3 0.005 0.01 0.01 0.02 0.11 0.11 0.11
Indicator 4 0.35 0.31 0.34 0.25 0.29 0.26 0.32

As suggested in table 10, withdrawals of water were a small part of the total surface water input.

Even in the future scenarios, indicator 1 varied from between 0.15 and 0.19, less than 0.20. In

groundwater withdrawal, the ratio varies from 0.005 in the past to 0.01 at present and to 0.11 in

the three future scenarios, even with more groundwater use. However, groundwater return flows

were very high in all the studied scenarios, despite the marginal reductions in future II to IV

scenarios due to better water management. Therefore, efforts should be made to reduce this

indicator in order to alleviate future threats to groundwater quality.
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