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Abstract:

Planning in irrigated Central Asian basins needs near-term (decadal) estimates of
how climate change will alter water supply and pressure on it, yet most
projections focus on the mid- or late-century. This study assesses changes in the
Syr Darya River Basin to 2035 under four CMIP6 Shared Socioeconomic
Pathway (SSP) scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5). Low,
median and high change signals for temperature, precipitation, potential
evapotranspiration (PET) and snowfall were applied to the 2000-2024
climatology with a delta-change approach and propagated to annual runoff and
water withdrawal through statistical models calibrated on historical data. By
2035, median mean annual temperature rises from 9.94 °C to 10.69—-11.14 °C and
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PET by 4-7%, while precipitation changes only by +1% to —2%; the climatic
water balance therefore deteriorates from —726.36 mm to between —764.94 and
—805.79 mm, and snowfall declines by 8—16%. Annual runoff reaches 37.85—
36.48 km?, 1.e. 0.25-3.87% below the 2000-2024 mean, while withdrawals rise
slightly to 13.50-13.59 km?®; the withdrawal-to-runoff ratio increases from
35.67% (SSP1-2.6) to 37.26% (SSP5-8.5). Seasonal signals are considerably
stronger than annual ones: under SSP5-8.5 summer precipitation decreases by 7%
and summer PET increases by 8.05%. The downstream zone and the summer
irrigation season emerge as the most vulnerable area and period, indicating that
near-term adaptation should prioritise seasonal storage management and
downstream allocation over annual volume targets.

Keywords: Syr Darya; climate scenarios; SSP; CMIP6; delta change; runoff
projection; water scarcity; seasonal deficit; Central Asia

1. Introduction

Rivers fed by snow and glaciers are particularly sensitive to warming, because
higher temperatures shift precipitation from snow to rain, advance the melt season
and raise evaporative demand [1-3]. In the Tien Shan and Pamir, which act as
water towers for the arid lowlands of Central Asia, glacier retreat and a declining
snowfall fraction have already been documented [4—6]. Projections for the region
indicate that the timing of runoff is likely to change earlier and more strongly than
its annual volume, with drier soils and reduced summer flow in snow-dominated
catchments [7,8].

The Syr Darya River Basin is a transboundary system shared by Kyrgyzstan,
Tajikistan, Uzbekistan and Kazakhstan. Its flow is generated mainly in the
upstream mountains and regulated by a reservoir cascade, while the bulk of
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consumptive use occurs in the irrigated mid- and downstream lowlands [9,10].
Recent modelling studies have evaluated future runoff of the upper Syr Darya
sub-basins under climate scenarios [11] and quantified climate and human effects
with ensemble and factorial approaches [12]. Decision-makers, however, also
need near-term estimates on the horizon of national strategies, which in
Uzbekistan extend to 20302035 [13], expressed not only as runoff but also as
the resulting pressure on available water.

This paper addresses that need by (1) quantifying 2035 changes in the basin’s
meteorological drivers under four SSP scenarios, including their seasonal
distribution; (i1) estimating the corresponding change in annual runoff and
withdrawals; and (iii) assessing how scenario changes translate into water scarcity
risk in the upstream, midstream and downstream zones.

2. Materials and Methods

2.1. Study area and baseline

The study area is the hydrologically active catchment of the Syr Darya (=219 X
10* km?), formed by the Naryn and Kara Darya rivers and regulated by the
Toktogul, Andijan, Bahri Tojik, Chardara and other reservoirs [9,14]. Two
reference states were used. The climatological baseline is the 2000—2024 mean of
harmonised annual basin-scale series: mean temperature 9.94 °C, precipitation
317.65 mm, PET 1044.01 mm, climatic water balance —726.36 mm, snowfall
110.37 mm, runoff 37.95 km? and total withdrawal 13.35 km3. The current state
is represented by 2025, a relatively dry year with runoff of 33.25 km? (12.38%
below the mean). Keeping both references is essential: comparison against the
dry year alone would suggest a spurious improvement by 2035.
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2.2. Scenario signals

Four CMIP6 scenarios spanning the ScenarioMIP range were used: SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5 [15,16]. For each scenario, low, median and
high change signals to 2035 were defined for annual and seasonal temperature,
precipitation, PET and snowfall (Table 1). The ranges were harmonised with
regional climate reference regions for Central Asia [17] and with published near-
term CMIP6 projections and downscaled products [18,19]. Medians are used as
central estimates; low and high values are retained as scenario uncertainty, in line
with the recommendation to use the ensemble central value and spread rather than
a single model [20].

Table 1. Ranges of change signals adopted for the Syr Darya basin to 2035
(relative to 2000—-2024)

Scenario Temperature, °C | Precipitation, % PET, % Snowfall, %
SSP1-2.6 +0.55 to +0.95 —3to+5 +2 to +6 —12to —4
SSP2-4.5 +0.65 to +1.15 —5to+5 +3 to +7 —15to—5
SSP3-7.0 +0.75 to +1.35 —7to+5 +4 to +9 —19to -7
SSP5-8.5 +0.85 to +1.55 —9to+5 +5to +11 —23t0 -9

2.3. Delta-change projection
Scenario values for 2035 were obtained by applying the change signal to the
baseline climatology:

X2035,s = X2000—2024 X (1+ As/100) (1)
where X is the 2000-2024 mean and A, the percentage change for scenario s. For
temperature the change was added as an absolute increment in °C. The climatic
water balance (P — PET) and the aridity ratio (P/PET) were derived from the
projected components. The delta approach preserves the spatial and statistical
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structure of the observed climatology while transferring the climate-change signal
[19,21].

2.4. Runoff and withdrawal estimates

Projected meteorological variables were entered into a calibrated regularised
regression model of annual basin runoff developed on the historical series. The
historical runoff series had been completed with a bounded logistic regression on
Toktogul reservoir inflow (calibration 2018-2025, RMSE = 1.125 km?, about 3%
of mean runoff). Model outputs were checked against the historical minimum and
maximum, the direction of the water balance change and published regional
runoff-change ranges; values that were statistically acceptable but hydrologically
implausible were rejected. The resulting 2035 runoff values are therefore
literature-constrained, CMIP6-consistent central estimates rather than direct
output of a process-based hydrological model.

Withdrawals were projected with a ridge regression on year and available runoff.
Its explanatory power is low (R? = 0.103), because withdrawals depend on crop
plans, irrigation scheduling and interstate allocation; withdrawal projections are
therefore treated as an auxiliary estimate under continuation of current tendencies.
Water pressure was expressed as the withdrawal-to-runoff ratio WR = (W/Q) x
100, water availability as WAI = 100 — WR, and the conditional residual after
withdrawal as Q — W.

3. Results

3.1. Meteorological drivers

Median annual temperature in 2035 reaches 10.69 °C under SSP1-2.6, 10.84 °C
under SSP2-4.5, 10.99 °C under SSP3-7.0 and 11.14 °C under SSP5-8.5 (Table
2, Figure 1). Precipitation changes are small and of uncertain sign, from +1%
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(320.82 mm) to —2% (311.29 mm). PET, in contrast, increases consistently by 4—
7%, to 1085.77-1117.09 mm. As a result, the climatic water balance deteriorates
in every scenario, by 38.58 mm under SSP1-2.6 and by 79.43 mm under SSP5-
8.5, and the aridity ratio falls from 0.304 to 0.295-0.279. Snowfall declines by
8% (101.54 mm) to 16% (92.71 mm).

Table 2. Median 2035 values of the basin’s annual meteorological indicators by

scenario
Indicator Baseline | SSP1-2.6 | SSP2-4.5 | SSP3-7.0 | SSP5-8.5
20002024
Mean annual temperature, 9.94 10.69 10.84 10.99 11.14

°C

Annual precipitation, mm 317.65 320.82 317.65 314.47 311.29

PET, mm 1044.01 1085.77 1096.21 1106.65 1117.09
Climatic water balance, —726.36 —764.94 —778.56 —792.18 —805.79
mm

Aridity ratio P/PET 0.304 0.295 0.290 0.284 0.279
Snowfall, mm 110.37 101.54 99.33 96.02 92.71
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Figure 1. Median 2035 change in annual meteorological indicators relative to
the 2000-2024 baseline under four SSP scenarios

Seasonally, warming is strongest in winter: +0.86 °C under SSP1-2.6 and +1.38
°C under SSP5-8.5, compared with +0.69 and +1.10 °C in summer. Winter
warming favours rain over snow and earlier melt. The largest water deficit
develops in summer: under SSP5-8.5 summer precipitation decreases by 7%
(from 45.43 to 42.25 mm) while summer PET increases by 8.05% (from 507.79
to 548.67 mm), bringing the summer climatic water balance to —506.42 mm. In
spring, precipitation decreases by 2% and PET increases by 7%, lowering the
seasonal balance to —194.70 mm.

Uncertainty is larger for precipitation than for temperature. Under SSP5-8.5, the
2035 temperature range is 10.79-11.49 °C, whereas precipitation spans 289.06—
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333.53 mm. Nevertheless, warming, rising PET, declining snowfall and a
worsening water balance occur in all scenarios and at all bounds of the adopted

ranges.

3.2. Annual runoff and withdrawals
Projected annual runoff for 2035 decreases monotonically with scenario forcing:
37.85 km?* (SSP1-2.6), 37.45 km? (SSP2-4.5), 36.97 km?* (SSP3-7.0) and 36.48
km? (SSP5-8.5), i.e. 0.25-3.87% below the 2000-2024 mean (Table 3). The
spread between the lowest and highest forcing scenarios is 1.37 km?, or 3.62% of
mean runoff. All values remain within the historical natural range. Relative to the
dry year 2025, the same values are 9.71-13.84% higher; this reflects the low
starting point rather than an improvement in water resources.
Withdrawals increase slightly, to 13.50-13.59 km?® (1.30-1.98% above 2025).
Because runoff falls while withdrawals rise, WR increases from 35.67% under
SSP1-2.6 to 37.26% under SSP5-8.5, WAI decreases from 64.33% to 62.74%,
and the residual after withdrawal shrinks from 24.35 to 22.89 km? (Figure 2).
Table 3. Annual runoff, withdrawals and water pressure indicators for the long-
term mean, the 2025 baseline and 2035 scenarios

Indicator Mean 2025 | SSP1-2.6 | SSP2-4.5 | SSP3-7.0 | SSP5-8.5
20002024
Basin runoff Q, km? 37.95 33.25 37.85 37.45 36.97 36.48
Change vs long-term mean, - -12.38 | —0.25 —-1.31 -2.59 -3.87
%
Change vs 2025, % - - +13.84 +12.64 +11.18 +9.71
Total withdrawal W, km? 13.35 13.33 13.50 13.53 13.56 13.59
Withdrawal ratio WR, % 35.73 40.09 35.67 36.14 36.69 37.26
Water availability index, % 64.27 59.91 64.33 63.86 63.31 62.74
Residual after withdrawal, 24.60 19.92 24.35 23.92 23.40 22.89
km?
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Figure 2. Projected 2035 basin runoff (bars) and withdrawal-to-runoff ratio
(line) by scenario, compared with the 2000-2024 mean and the 2025 baseline

The historical model error (1.125 km?) exceeds the change projected under SSP1 -
2.6 (0.10 km?), so that scenario cannot be distinguished from no change. The
decreases under SSP3-7.0 and SSP5-8.5, however, are consistent in direction with
all meteorological drivers. Since the inter-scenario spread (1.37 km?) is of similar
magnitude to the model error, the robust result is the common direction of change
rather than the precise difference between individual scenarios.

3.3. Zonal and seasonal vulnerability

Because sub-basin withdrawal and runoff projections were not available, zonal
vulnerability was assessed qualitatively by combining the annual results with the
hydrological role of each zone (Table 4). Upstream areas remain the most water-
secure in annual terms, but declining snowfall and earlier melt make their summer
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contribution increasingly uncertain. In the midstream, reservoirs can partly
compensate for seasonal shifts, but conflicting hydropower and irrigation
objectives determine when water is released, and rising PET increases irrigation
requirements per hectare. The downstream zone depends entirely on flow arriving
from above; withdrawals accumulate along the river, so a basin-wide WR of 35—
37% implies a considerably higher effective pressure at the lower end. Under
SSP5-8.5 the combined effect of lower runoff, higher withdrawals and higher
evaporative demand makes the downstream zone the most exposed.

Table 4. Qualitative sensitivity of Syr Darya basin zones to water scarcity under
climate scenarios

Basin zone Main water Main pressure 2025 2035 2035
source factor status | SSP2-4.5 | SSP5-8.5
Upstream Snow, glaciers, | Reduced snowfall, | relatively | moderate | moderate-
mountain rivers earlier melt favourable risk to-high
risk
Midstream Reservoir- Irrigation demand, | moderate | moderate high
regulated flow rising PET pressure | pressure | pressure
Downstream Inflow from Cumulative high risk | highrisk | very high
upstream reaches withdrawal, risk
evaporation, lower
flow

4. Discussion

The projections show a characteristic near-term pattern: modest change in annual
runoff combined with a robust deterioration of the basin’s climatic water balance
and a pronounced seasonal signal. The 0.25-3.87% decline in annual flow appears
small, but 1% of basin runoffis about 0.38 km?, and the 1.47 km? loss under SSP5-
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8.5 1s a substantial volume for large irrigation schemes, reservoir refilling and
downstream needs. More importantly, annual totals conceal the seasonal
redistribution expected from winter warming and reduced snowfall: more water

arriving in winter and early spring, less in late spring and summer, precisely when
irrigation demand peaks. This agrees with process-based projections for the
Naryn catchment, which found shifted discharge and drier summer soils under
warming [8], and with regional evidence of a declining snowfall fraction [6].
The results also confirm that, on the near-term horizon, temperature and
evaporative demand rather than precipitation drive the drying of the basin.
Precipitation changes are small and of uncertain sign, whereas PET increases in
every scenario. This implies that irrigation requirements will rise even in years
with normal precipitation, which reinforces the pressure created by the slight
upward tendency in withdrawals.

For water management, these findings shift attention from annual volumes to
timing and location. Storing a larger share of winter and early-spring inflow for
the summer season is constrained by hydropower demand in winter, flood-control
requirements and interstate arrangements [10,22]. Reducing future scarcity
therefore depends on improving the seasonal distribution of existing flow,
protecting downstream allocations in dry summers and continuing efficiency
measures that lower irrigation demand per hectare. A decision-support approach
that links seasonal forecasts to allocation, as proposed recently for Central Asia
[23], would directly address the vulnerabilities identified here.

Several limitations apply. The projections are annual and basin-wide;
independent sub-basin, gauge-level or irrigation-scheme projections were not
produced. Return flows, groundwater exchange, water quality and environmental
flow requirements were not modelled, so the residual after withdrawal should not
be interpreted as water actually available to all users or ecosystems. Future
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reservoir operating rules, new infrastructure, changes in crop structure and
irrigation efficiency were not scenario-dependent. The runoff projections are
statistically derived and literature-constrained rather than produced by a
physically based hydrological model, and the withdrawal model has low
explanatory power. Coupling the scenario signals with a glacio-hydrological
model at monthly resolution is the logical next step.

5. Conclusions

(1) By 2035, all four SSP scenarios project warming of the Syr Darya basin to
10.69—11.14 °C (median), a 4—7% increase in PET, an 8—16% decline in snowfall
and a deterioration of the climatic water balance to between —764.94 and —805.79
mm, while precipitation changes only by +1% to —2%.

(2) Annual runoff is projected at 37.85-36.48 km?, 0.25-3.87% below the 2000—
2024 mean; the decline is small but consistent in direction across scenarios, and
values exceed those of the dry 2025 baseline.

(3) Slightly rising withdrawals (13.50—13.59 km?®) combined with lower runoff
raise the withdrawal-to-runoff ratio from 35.67% to 37.26% and reduce the
residual after withdrawal from 24.35 to 22.89 km?>.

(4) Seasonal deficits are much larger than annual changes: under SSP5-8.5
summer PET rises by 8.05% and summer precipitation falls by 7%, giving a
summer water balance of —506.42 mm.

(5) The downstream zone and the summer irrigation season are the most
vulnerable area and period; near-term adaptation should prioritise seasonal
storage management and downstream allocation in dry summers.

Data Availability Statement: The scenario signals, baseline climatology and
projected series are available from the author on reasonable request.
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