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Key Points

• Pakistan’s terrain, a continuous 0–8,611 m gradient intersecting five ridge systems, defines a
maximum orographic water yield that current precipitation realizes only at the uppermost
two stages, because the lifting condensation level over the Indus Plains exceeds the Salt Range
(1,520 m) on 94.7% of June days across the 1980–2024 ERA5 record and is independently
confirmed by the MERRA-2 reanalysis (99.0%) and IGRA radiosondes.

• Three lines of empirical evidence converge on the bypass mechanism: GLDAS shows June
ET over the Indus Plains is 0.87 mm day−1 versus 3.80 mm day−1 at comparable-elevation
NE India (4.4× deficit); IMERG shows June precipitation concentrates at upper ridges
(mountain/plains ratio 1.43–2.63× over 2005–2025, vs 1.26–1.56× in peak monsoon) with
28.8% of plains precipitation arriving in convective bursts >10 mm hr−1; and Hansen GFC,
ESA WorldCover, and ESA CCI all converge on Indus Plains tree cover near zero.

• Lowering the surface dewpoint depression, through vegetation ET and soil-water-retention
pathways operating on different timescales , reactivates the lower orographic ladder stages.
Sensitivity analysis brackets the headline 94.7% June bypass at 92.3–97.6% across seven
methodological perturbations; the bypass mechanism is robust to product choice and method-
ology, while leaving substantial reduction headroom under achievable T–Td compression.

Abstract

Pakistan’s north–south topographic gradient, 0 m at the Arabian Sea coast rising to 8,611 m at
K2 across five distinct ridge systems, represents one of the largest orographic condensation machines
on the planet. The terrain’s theoretical water yield, set by Arabian Sea moisture flux and ridge
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geometry alone, far exceeds what Pakistan currently captures. We show that a single atmospheric
variable, the lifting condensation level (LCL), controls how much of this terrain potential is realized,
that the LCL is currently held above the lower ridges by a deficient surface humidity flux, and that
the deficit is empirically documented across multiple independent datasets. Using ERA5 reanalysis
(1980–2024), mean June daily-maximum LCL over the Indus Plains is 2,727 ± 786 m, exceeding
the Salt Range (1,520 m) and Margalla Hills (1,600 m) on 94.7% and 93.0% of pre-monsoon days.
The MERRA-2 reanalysis confirms the bypass independently (99.0% June Salt Range bypass over
2015–2024), and 1,641 IGRA v2 radiosondes show ERA5 reproduces surface temperature to within
−0.26 ◦C and surface dewpoint within −5.98 ◦C of station observations across three near-domain
sites. The mechanism, ridges aerodynamically transparent because the LCL is too high, is supported
by GLDAS-2.1 evapotranspiration data: the Indus Plains return 0.87 mm day−1 in June versus
3.80 mm day−1 at comparable-elevation NE India, a 4.4-fold deficit between two regions sharing the
same monsoon supply. NASA GPM IMERG half-hourly precipitation (2005–2025, 21 years June +
Jul–Aug) shows June mountain-to-plains ratios of 1.43–2.63× across the Indus–KPK corridors versus
1.26–1.56× in peak monsoon, the precipitation-side fingerprint of the bypass; plains precipitation
is 28.8% from intensities >10 mm hr−1 versus 18.9% over the mountains, the convective spillover
signature predicted when the lower ridges fail to extract distributed orographic rainfall. Hansen
GFC, ESA WorldCover, and ESA CCI Land Cover converge on <0.5% Indus Plains tree cover, and
GRACE records a −12.83 cm decade−1 trend in Punjab terrestrial water storage 2002–2025 (p ≈ 10−97).
The bypass mechanism is robust to seven methodological perturbations (range 92.3%–97.6% June
bypass) and to the choice of LCL formulation (Bolton 1980 versus the exact Romps 2017 closed form,
agreement within 1.3 percentage points). Lowering the surface T–Td depression through vegetation
evapotranspiration and soil water retention, pathways operating on years-to-decades and years-to-
multi-decadal timescales respectively, reactivates the lower ladder stages, with ∼1,000 m of LCL
reduction achievable under realistic restoration scenarios. The gap between Pakistan’s current water
capture and its terrain-defined ceiling represents the largest unrealized natural capital endowment in
South Asia, and is observed, monitorable, and tractable.

1. Introduction

Terrain is permanent. Vegetation is not. This distinction matters for hydrology because

orographic precipitation, the single largest freshwater source for one-fifth of humanity in the

Hindu Kush–Himalayan system [Immerzeel et al., 2020], depends on the interaction between

fixed topographic geometry and the variable atmospheric state above it.

Pakistan’s topography is extraordinary. A single north–south transect rises from the

Arabian Sea coast (0 m) to K2 (8,611 m) within roughly 1,500 km, intersecting five ridge

systems of progressively increasing elevation: the Salt Range (∼1,520 m), Margalla Hills

(∼1,600 m), Galyat–Murree escarpment (∼2,800 m), Hindu Kush (∼4,500+ m), and the

Karakoram (∼7,000+ m). In the atmospheric sciences, this geometry constitutes a multi-stage

condensation ladder: a theoretical machine capable of extracting moisture from Arabian Sea

air masses at five successive altitude bands, distributing precipitation from the subtropical

plains to the high glacial zone and recharging every aquifer, soil column, and river system
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along the gradient.

The key word is theoretical. For this machine to operate at each stage, one condition

must be met: the lifting condensation level (LCL) of the incoming air mass must lie below

the ridge crest at that stage. The LCL is the altitude at which a surface air parcel, lifted

dry-adiabatically, first becomes saturated and begins releasing latent heat. Where LCL

exceeds ridge-crest height, the ridge is aerodynamically transparent, moisture passes overhead

without condensing, unextracted. We term this condition LCL bypass.

The LCL is governed by the surface dewpoint depression:

LCLm ≈ 125 (TC − Td,C) (1)

where TC is 2-m air temperature and Td,C is 2-m dewpoint temperature, both in ◦C. This

expression is the standard meteorological approximation derived from the dry-adiabatic lapse

rate (≈9.8◦C km−1) and the climatological dewpoint lapse rate (≈2◦C km−1), yielding 125 m

per ◦C of T-Td depression [Bolton, 1980]. Results are cross-validated against the exact

Romps [2017] expression; the mean bias is 3 m (0.16%), r = 0.9999, confirming that Eq. 1

introduces negligible error across the Pakistan domain. This expression makes the critical

point explicit: the LCL is not set by temperature alone, but by the gap between temperature

and dewpoint. That gap is controlled by surface moisture, by how much water the land

surface is returning to the atmosphere through evapotranspiration. Where vegetation is dense

and evapotranspiration is high, dewpoints are elevated, the depression narrows, and the LCL

drops toward the surface. Where land is bare, degraded, or sparsely vegetated, dewpoints are

suppressed, the depression widens, and the LCL rises, potentially above ridge crests that it

would otherwise activate.

A critical and frequently misunderstood implication of LCL bypass is what happens

to lower-plains precipitation. Pakistan’s plains and foothills do receive rainfall during the

monsoon, but under bypass conditions this is not orographic extraction at the Salt Range

or Margalla Hills. It is convective spillover: mesoscale convective systems (MCS) triggered

over the upper-ridge slopes decay and propagate downwind, delivering high-intensity, short-

duration bursts over the plains [Tahir et al., 2015]. Spillover and orographic rainfall are

physically distinct. Orographic rainfall is mechanically forced by terrain, producing moderate-

intensity, longer-duration precipitation on windward slopes, the regime that maximizes soil
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infiltration and groundwater recharge. Convective spillover is thermodynamically driven,

producing brief, intense, spatially concentrated events whose runoff ratios are high and whose

infiltration contribution is low. Pakistan’s observed trend toward increasing precipitation

intensity and decreasing event frequency [Ali et al., 2021] is precisely the signature of a

bypass-dominated system delivering moisture as spillover rather than distributed orographic

extraction.

Furthermore, the five-ridge orographic system is not five independent extraction steps.

Each active ridge, once vegetated, returns a fraction of its precipitation to the atmosphere

through evapotranspiration, adding to the moisture flux available to the next ridge. Moisture

recycling ratios of 50–60% during the summer monsoon have been documented for analogous

South Asian basins [Tuinenburg et al., 2012], meaning that half of what falls at one stage is

potentially re-mobilized to feed the next. A deforested Stage 1 that bypasses all incoming

moisture contributes nothing to this recycling cascade, compounding the deficit at Stages 2

and 3 beyond what independent bypass analysis would suggest [Makarieva and Gorshkov,

2007].

Pakistan’s natural forest cover, by the FAO definition of closed-canopy natural forest,

stands at 2.0% of land area [Food and Agriculture Organization of the United Nations, 2020a].

This is not a recent number. Large-scale deforestation of Pakistan’s forested mountain

zones began in the eighteenth century and accelerated dramatically under British colonial

resource extraction in the nineteenth and early twentieth centuries, when timber was harvested

at industrial scale for railway construction, military logistics, and agricultural expansion

[Tucker, 1983, Westoby, 1987]. By the time ERA5 reanalysis begins in 1940, the deforestation

was structurally complete. The 1980–2024 ERA5 record, the only systematic atmospheric

dataset available for Pakistan, measures not the intact state of Pakistan’s atmosphere but

the post-deforestation state. It is evidence of the damage, not a baseline.

The physics of orographic precipitation. The theoretical framework for orographic

precipitation is well established. Classical linear theory [Smith, 1979] describes how stably

stratified flow impinging on a ridge produces upslope ascent, adiabatic cooling, and condensa-

tion on the windward face. Roe [2005] synthesised the mechanisms governing precipitation

amount and spatial distribution: moisture flux, ridge geometry, and the thermodynamic state

of the incoming air mass, with the LCL determining whether condensation occurs below
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or above the ridge crest. Houze [2012] extended this to the mesoscale, documenting how

embedded convection within orographic cloud systems generates the most intense precipitation

maxima and how MCS propagation carries precipitation into the lee. The LCL threshold is

central to all of these frameworks: ridges below the LCL are aerodynamically active; ridges

above it are transparent. Yet no prior study has applied this threshold systematically to

Pakistan’s multi-ridge system over a multi-decade reanalysis record, or framed the seasonal

and spatial pattern of bypass as the primary diagnostic of terrain water-production deficit.

Pakistan’s hydrological context. Pakistan’s water balance is dominated by the

Himalayan–Karakoram cryosphere and the southwest monsoon, with a secondary contribution

from western disturbances in winter [Palazzi et al., 2013, Dimri et al., 2015]. Archer and

Fowler [2004] documented the high interannual variability of Upper Indus precipitation, its

weak correlation with lowland monsoon indices, and its dependence on westerly circulation

regimes, establishing that Pakistan’s hydrology is driven by multiple independent moisture

sources rather than a single monsoon signal. Bookhagen and Burbank [2010] quantified

the spatial distribution of snowmelt and rainfall across the Himalayan arc, showing that

high-elevation orographic precipitation accounts for the dominant fraction of river discharge

in the upper Indus and Ganges systems. Lutz et al. [2014] projected continued runoff

increases from glacial melt under warming, but this positive signal in total discharge masks

the redistribution problem: more water released at the glacial front in summer peak-flow

events does not translate to groundwater recharge or irrigation supply in the arid plains.

Krishnan et al. [2019] documented accelerating warming across the Hindu Kush Himalaya

and increasing precipitation extremes, consistent with a shift from distributed orographic

toward concentrated convective delivery. Together, this body of work characterises Pakistan’s

water system as one of high total flux but severe distribution inefficiency, the consequence of

a bypass-dominated, runoff-concentrated precipitation regime that this paper traces to its

atmospheric root cause.

Vegetation–atmosphere feedbacks and the missing link. The pathway from veg-

etation state to LCL is physically established. Findell and Eltahir [2003] formalised the

boundary-layer coupling framework: evapotranspiration raises boundary-layer specific humid-

ity, narrows the surface dewpoint depression, and reduces convective triggering thresholds, the

same mechanism, applied to orographic triggering, that defines our bypass framework. Ellison
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et al. [2017] reviewed the evidence that forests regulate the boundary layer moisture budget at

catchment to continental scales, with particular emphasis on the role of ET in maintaining low

dewpoint depressions downwind of vegetated surfaces. Bonan [2008] documented the broad

climate-regulation services of forests, including surface cooling, albedo modification, and

boundary-layer humidification. Spracklen et al. [2018] quantified the empirical relationship

between forest cover and observed precipitation, with a mechanism traceable partly to this

dewpoint pathway. What the existing vegetation–atmosphere literature has not done is con-

nect the land-surface dewpoint state to a specific orographic architecture, to ask which ridges

are activated or deactivated by changes in upstream land cover, and what the terrain-scale

water-production consequences are. That connection is the contribution of this paper.

The question we pose is therefore not historical. It does not ask what Pakistan looked like

before the British. It asks what the terrain itself, fixed, immovable, unambiguous, demands

of the atmosphere above it. Given the ridge geometry, the Arabian Sea moisture flux, and

the fundamental physics of moist convection, what is the maximum water yield this terrain is

capable of producing? And by how much does the current LCL suppress that yield?

This reframing transforms Pakistan’s water crisis from a management problem into a

physics problem. The deficit is not administrative. It is atmospheric. The terrain has the

capacity; the LCL is the valve; vegetation controls the valve.

2. Data and Methods

2.1. ERA5 Reanalysis

We use ERA5 hourly single-level fields [Hersbach et al., 2020] for the Pakistan domain

(59–79◦E, 22–38◦N) at 0.25◦ horizontal resolution for the full available period 1980–2024.

Variables extracted are 2-m temperature (t2m), 2-m dewpoint temperature (d2m), surface

pressure (sp), total precipitation (tp), and convective available potential energy (cape), via

the Copernicus Climate Data Store API [Copernicus Climate Change Service, 2023]. June

(pre-monsoon) and July–August (peak monsoon) months are analyzed separately throughout;

their distinct LCL regimes are a central finding of this study.

2.2. LCL Computation and Bypass Diagnosis

Analysis domain. The domain 29–32◦N, 69–73◦E captures the Indus Plains sector imme-

diately upwind of the Salt Range, spanning the primary boundary-layer conditioning zone
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where incoming Arabian Sea air masses acquire their thermodynamic properties before first

orographic encounter. The domain excludes the more humid Sindh coastal sector (south of

29◦N) and the Balochistan plateau (west of 69◦E), both of which have distinct moisture-source

regimes that would bias a mixed-domain mean.

Wind geometry. The bypass analysis assumes southwesterly-to-westerly flow toward

the ridges during the analysis months. ERA5 850 hPa wind climatology (not shown) confirms

that the dominant low-level flow direction over the Indus Plains is south-westerly during

June–August, consistent with the monsoon circulation directed toward the NW-SE oriented

Salt Range and Margalla Hills. Days with anomalous northerly flow represent a small minority

and are included in the bypass statistics; their effect is to slightly understate bypass frequency

relative to a southwesterly-only subset.

Aggregation and bypass definition. At each 6-hourly ERA5 time step, LCL is

computed at every grid point within the domain using Eq. 1. The daily-maximum LCL is

then computed at each grid cell as the maximum of the four 6-hourly values within a calendar

day, and these per-cell daily maxima are spatially averaged across the domain to produce

LCLmax,d. Bypass for ridge i on day d is defined as

Bi,d = 1
[
LCLmax,d > hi

]
(2)

where hi is the crest elevation of ridge i. Bypass frequency is B̄i = N−1 ∑
d Bi,d. The

aggregation order (per-cell daily-maximum first, then spatial mean) measures the spatial-

mean state of the domain at each grid cell’s peak heating; the alternative order (spatial mean

at each time step, then daily maximum of the spatial-mean series) yields a value approximately

1 percentage point lower at the headline, an internal robustness margin we report explicitly

in Section 3.7. Daily maximum (rather than daily mean) is used because bypass events

occur during peak afternoon surface heating, when the dewpoint depression is widest and the

LCL is highest, the causally relevant state for whether orographic condensation fires at a

given ridge on a given day [Kirshbaum et al., 2018]. The record spans NJune = 1,350 days,

NJuly = 1,395 days, NAugust = 1,395 days. Statistical significance is assessed by one-sided

Welch’s t-test with H0: mean daily-max LCL ≤ ridge-crest elevation.
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2.3. Terrain-Potential Scenarios

The theoretical maximum orographic yield is bounded by the ridge geometry and the incoming

moisture flux, and approached as LCL → 0. We construct three LCL-depression scenarios by

applying symmetric perturbations to the full 1980–2024 June LCL distribution:

• Scenario 1 (∆T-Td = −5◦C): +4◦C dewpoint, −1◦C temperature. Represents a

∼625 m mean LCL reduction from the current state.

• Scenario 2 (∆T-Td = −8◦C): +6◦C dewpoint, −2◦C temperature. Represents a

∼1,000 m mean LCL reduction.

• Scenario 3 (∆T-Td = −11◦C): +8◦C dewpoint, −3◦C temperature. Represents the

full terrain-potential LCL ceiling under the incoming Arabian Sea moisture budget.

These perturbations define physically meaningful LCL targets rather than specific forest-cover

fractions. The empirical relationship in Spracklen et al. [2018] (+0.5–1.0◦C dewpoint per

10% forest cover increase) implies that vegetation expansion alone contributes ∼0.3–0.6◦C Td

for each 6-percentage-point forest gain, roughly one-sixth of the Scenario 1 target of +4◦C.

The full scenarios therefore represent the combined effect of multiple mechanisms acting

together: forest expansion, soil moisture restoration, riparian vegetation, and agroforestry,

each contributing incrementally to dewpoint elevation and surface cooling [Bonan, 2008]. No

single intervention achieves the full targets; the scenarios show what the terrain response

would be if the T-Td depression were narrowed by these magnitudes, by whatever combination

of mechanisms.

2.4. Force Multiplier Analysis

For the 2010 and 2022 Pakistan mega-flood events, we extract month-mean 500 hPa tempera-

ture anomalies (relative to the 1980–2024 July climatology) over the Punjab core (30–35◦N,

70–75◦E) from existing ERA5 500 hPa pressure-level data, and peak CAPE from the single-

level ERA5 record.

3. Results

3.1. The Current LCL Regime: Three Seasonal Phases

Figure 1 shows the mean June LCL across Pakistan for 1980–2024. The spatial structure

reflects the dual controls of surface temperature (maximized over the western plateaus and
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Figure 1. Mean June daily-maximum lifting condensation level across Pakistan, ERA5 1980–2024
(standard LCL approximation, Eq. 1; cross-validated against exact Romps 2017 expression, mean bias
3 m). Solid coloured lines mark the crest elevations of the five ridge systems. Dashed contours show
Salt Range (SR) bypass frequency at 50%, 75%, and 90%. The analysis domain (29–32◦N, 69–73◦E)
is outlined in blue. Mean LCL within the domain is 2,727 m; the region above the SR crest (1,520 m)
is shaded toward red, indicating aerodynamic transparency on the majority of June days.
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Indus plains) and dewpoint (maximized over the Sindh coast and minimized over Balochistan).

Over the Indus Plains upstream of the Salt Range (29–32◦N, 69–73◦E), the domain where

incoming air masses are conditioned before their first orographic encounter, mean June daily-

maximum LCL is 2,727 ± 786 m. The daily-mean T-Td depression is 15.5 ◦C (T = 33.5 ◦C,

Td = 18.1 ◦C); daily-maximum LCL is larger because T peaks and Td drops through the

afternoon diurnal cycle, widening the depression to ∼21.8 ◦C at peak heating.

The monsoon season exhibits three distinct LCL phases (Table 1):

Table 1. Seasonal LCL phases over the Indus Plains (29–32◦N, 69–73◦E), 1980–2024. All fields are
daily-maximum values (spatial domain mean). SR = Salt Range (1,520 m), MG = Margalla Hills
(1,600 m), GM = Galyat–Murree (2,800 m). CAPE column uses daily-maximum CAPE, consistent
with daily-maximum LCL (both peak during afternoon convective initiation).

Month Mean LCL Std SR bypass MG bypass GM bypass CAPE

June 2,727 m 786 m 94.7% 93.0% 43.0% 1,032 J kg−1

July 1,697 m 525 m 60.6% 55.1% 2.2% 1,678 J kg−1

August 1,542 m 434 m 50.8% 44.4% 0.3% 1,655 J kg−1

Phase 1, Pre-monsoon loading (June): Mean daily-maximum LCL 2,727 m. The Salt

Range and Margalla Hills are bypassed on 94.7% and 93.0% of days respectively. Both bypass

frequencies are statistically overwhelming (one-sided Welch’s t-test, t = 56.4, N = 1,350,

p ≪ 0.001). The Galyat–Murree escarpment is bypassed on 43% of June days. Only the

Hindu Kush and Karakoram receive orographic forcing throughout June. This is not an

anomalous condition: every year in the 45-year record shows June SR bypass exceeding

76.7%, and 21 of 45 years show 100% bypass; 38 of 45 years exceed 90%. June is structurally,

persistently, and near-universally a bypass month for the lower three orographic stages.

Phase 2, Monsoon transition (July): As the Arabian Sea monsoon surge tracks

northward, maritime moisture raises boundary layer dewpoints by ∼5 ◦C relative to June.

The daily-mean T-Td depression narrows from 15.5 ◦C to 9.2 ◦C, collapsing the mean daily-

maximum LCL to 1,697 m. Salt Range bypass drops to 60.6% (p = 1.1 × 10−34). The lower

ridges begin receiving orographic precipitation, but the bypass is not eliminated.

Phase 3, Peak monsoon (August): Dewpoints reach their seasonal maximum (Td =

23.0 ◦C, T-Td = 8.2 ◦C). Mean daily-maximum LCL falls to 1,542 m. Salt Range bypass

(50.8%) remains marginally significant (p = 0.030, t = 1.9): even at peak monsoon, the

lower ridges are bypassed on approximately half of all days. The terrain never reaches its

theoretical potential under the current deforested land surface state, it only approaches it.
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The implication is precise: August shows the upper limit of what the terrain achieves under

current conditions. June shows what the terrain is denied for the entire pre-monsoon season,

every year, without exception. The difference between June and August LCL, approximately

1,185 m, is the atmospheric signature of vegetation loss; even eliminating it entirely would

not remove the bypass (August SR bypass remains 50.8%).

3.2. The Bypass Regime Is Stable Across the Full ERA5 Record

Figure 2. Annual June Salt Range bypass frequency (fraction of June days with domain-mean
daily-maximum LCL > 1,520 m), ERA5 1980–2024. Major flood years (2010, 2022) are shown in red;
all other years in blue. Dashed line: 45-year mean (94.7%). Dashed-dotted line: linear trend (slope
not significant, p > 0.1). The bypass exceeds 76.7% in every year, and reaches 100% in 21 of 45 years.

Figure 2 shows annual June SR bypass frequency for 1980–2024. Values range from 76.7%

(1996) to 100% (21 of 45 years). There is no significant trend (p > 0.1): the bypass has been

consistently near-total for the entire observational record. This stability confirms that ERA5

is measuring the post-deforestation equilibrium state, not a recent degradation. The damage

was done before the satellite era began.

3.3. Flood Years Do Not Have Anomalous June Bypass

Mean June SR bypass for the major flood years 2010 and 2022 is 91.7% (100.0% and 83.3%

respectively), compared to 94.8% for non-flood years, a small, statistically insignificant

difference. Critically, June bypass days have lower CAPE (1,007 vs. 1,471 J kg−1 on active

days, p = 1.2 × 10−7; daily-maximum CAPE, consistent with daily-maximum LCL). The

floods are not caused by anomalous June bypass loading.

Instead, the 500 hPa ERA5 analysis is consistent with cap-failure as the flood mechanism.

July 2022 exhibits a 500 hPa temperature anomaly of +1.26◦C over the Punjab core, a warmer-
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than-normal mid-troposphere that weakens convective inhibition energy (CIN), allowing

accumulated CAPE to release without the cap suppression that typically regulates convective

intensity. This mechanism is consistent with published analyses of both major floods: Webster

et al. [Webster et al., 2011] and Houze et al. [Houze et al., 2011] attribute the 2010 event to

anomalous upper-level blocking and La Niña-driven moisture enhancement; Nanditha et al.

[Nanditha et al., 2023] attribute 2022 to an anomalous upper-level anticyclone over Pakistan

amplifying low-level convergence. In both cases, the anomalous driver is an interannual

circulation feature, not a change in the pre-monsoon bypass state. The warm 500 hPa anomaly

interpretation does not conflict with these accounts; it describes the proximate convective

trigger that the anomalous large-scale forcing enables.

The June bypass is therefore not the flood mechanism. It is the water deficit mechanism.

Every bypassed June day is a day when the Salt Range and Margalla Hills contribute nothing

to groundwater recharge, soil moisture, or low-altitude reservoir fill. Summed over 93.6%

of June days, across 45 years, this represents the persistent structural deficit in Pakistan’s

water balance.

3.4. Lower-Plains Precipitation: Convective Spillover, Not Orographic Extraction

The objection that Pakistan’s lower plains already receive monsoon rainfall requires direct

examination, because it bears on whether the bypass mechanism identified here has practical

hydrological consequences. The answer depends critically on the type of precipitation, not its

annual volume.

Under LCL bypass conditions, the Salt Range and Margalla Hills exert no mechanical

lifting on incoming air masses. Precipitation over the Indus Plains and Punjab during the

monsoon originates instead from mesoscale convective systems (MCS) triggered over the

upper-ridge slopes (Galyat–Murree, Hindu Kush) that then propagate downstream [Tahir

et al., 2015]. This MCS spillover has characteristic properties that differ fundamentally from

orographic extraction: it is convective in origin (high intensity, short duration, spatially

concentrated), thermodynamically triggered rather than mechanically forced, and highly

interannual in its spatial footprint.

Consistent with this, Pakistan’s half-century rainfall record shows that the proportion

of total annual precipitation delivered by a small number of extreme events has increased

systematically [Ali et al., 2021, Hussain et al., 2022]. Precipitation decreases sharply with

13



Preprint Bin Shahid (2026)

distance southward from the upper ridges, with annual means of ∼500 mm near the Margalla

Hills, 250–400 mm across central Punjab, and 100–200 mm over Sindh, despite these regions

receiving the same Arabian Sea moisture flux. This spatial gradient is the observed signature

of bypass: moisture is extracted aloft and re-deposited as MCS spillover in isolated intense

episodes, not as distributed orographic rainfall across all five ridge systems.

The implications for groundwater recharge are direct. Infiltration efficiency depends on

precipitation intensity: low-intensity orographic events (1–5 mm hr−1, sustained over several

hours) saturate the soil column progressively and recharge deep aquifers; high-intensity

convective events (>15 mm hr−1, lasting 30–90 minutes) exceed the soil infiltration capacity

and generate surface runoff, contributing little to aquifer recharge regardless of total event

depth. Pakistan’s Punjab aquifer depletion at ∼1 m yr−1 [Water and Power Development

Authority (Pakistan), 2021] reflects not merely a total-precipitation deficit but a precipitation

type deficit: the terrain is generating the wrong kind of rainfall for recharge, even in years of

above-average monsoon totals.

A caveat is required regarding the spillover interpretation. ERA5 at 0.25◦ resolution

cannot directly distinguish orographic from convective precipitation: both are represented

through parameterization schemes that do not resolve individual MCS propagation. The

spillover interpretation rests on the statistical properties of Pakistan’s precipitation record

and existing case-study evidence [Tahir et al., 2015, Houze et al., 2011]; direct confirmation

of the spillover mechanism across the full record requires precipitation radar composites or

convection-permitting numerical simulations, which represent a priority for future work.

3.5. The Terrain’s Theoretical Potential

The terrain’s maximum orographic yield is approached as LCL → 0. Table 2 shows bypass

frequencies under the three vegetation-restoration scenarios applied to the full 45-year June

LCL distribution.

Scenario 1 (∆T-Td = −5◦C) reduces Salt Range bypass from 94.7% to 76.7%, an 18

percentage-point reduction across the pre-monsoon season. Scenario 2 brings bypass below

57%, crossing the threshold at which the Salt Range is active on the majority of June

days. Scenario 3 reduces June SR bypass to 38.9%: the lower ridges are active on 61% of

pre-monsoon days, compared to the current 5.3%.

The progression from current state to full potential is a continuous physical transition,
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Table 2. June LCL bypass under terrain-potential scenarios. Applied to 1980–2024 June daily-max
LCL distribution (N = 1,350 days) by shifting T-Td depression. SR = Salt Range (1,520 m), MG =
Margalla Hills (1,600 m), GM = Galyat–Murree (2,800 m).

Scenario ∆(T-Td) Mean LCL SR bypass MG bypass GM bypass

Current state 0◦C 2,727 m 94.7% 93.0% 43.0%
Scenario 1 (−625 m LCL) −5◦C 2,102 m 76.7% 73.3% 20.6%
Scenario 2 (−1,000 m LCL) −8◦C 1,728 m 56.9% 53.2% 10.3%
Scenario 3 (−1,370 m LCL) −11◦C 1,358 m 38.9% 35.6% 3.9%

not a threshold. Each degree of dewpoint restoration recovered through vegetation growth

lowers the LCL by 125 m and activates a corresponding fraction of the terrain’s orographic

capacity. The terrain does not need to be “fixed”; it needs only to be allowed to express itself.

3.6. Water Recovery Potential

Current annual precipitation entering the Indus system is ∼142 BCM at headworks, of which

only 55 BCM reaches farm gate (39% efficiency) [Food and Agriculture Organization of the

United Nations, 2020b]. The remaining moisture, including the fraction discharged during

flood events and the fraction that bypasses lower ridges and concentrates at upper elevations,

represents unrealized terrain capacity.

Figure 3. North–south cross-section of Pakistan’s orographic ladder (∼72◦E transect). Coloured
horizontal lines show the ERA5 1980–2024 mean daily-maximum LCL for June (red, 2,727 m), July
(orange, 1,697 m), and August (green, 1,542 m). Ridge crest elevations are annotated. Stages 1–3 (Salt
Range, Margalla Hills, Galyat/Murree) lie below the June LCL and are aerodynamically transparent
on the majority of pre-monsoon days. The shaded region marks the June bypass zone. Even in August,
the Salt Range crest (1,520 m) remains below the mean LCL (1,542 m). Elevation profile from SRTM
90 m; LCL from ERA5.

The water recovery implications are a redistribution, not an augmentation: the same
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Arabian Sea moisture budget, currently concentrated at the upper two stages, would be

spread across all five if the lower ridges were active. Quantifying the redistribution requires

orographic precipitation modeling at resolution finer than ERA5’s 0.25◦ grid, which cannot

resolve the windward precipitation enhancement at individual ridges. The ERA5 analysis

establishes the mechanism and direction of the effect; the magnitude is a priority target for

future high-resolution regional modeling.

These redistribution estimates treat each ridge as an independent extraction step, which

understates the actual recovery. Each active, vegetated stage returns moisture to the

boundary layer through evapotranspiration, adding to the moisture available at subsequent

stages. Moisture recycling is demonstrably substantial in South Asian monsoonal systems

[Tuinenburg et al., 2012, Makarieva and Gorshkov, 2007]; where Stage 1 is inactive, it

contributes neither direct orographic precipitation nor recycled moisture to the higher stages,

compounding the deficit beyond what bypass statistics alone indicate. The full water recovery

under stage activation would include both the direct orographic yield and the recycling

feedback; estimating this requires coupled land–atmosphere modeling beyond the scope of

this ERA5-based analysis.

An equally important dimension is how that water arrives. An active orographic ladder

redistributes the same annual moisture total from a small number of high-intensity convective

events into many lower-intensity, longer-duration orographic episodes, the precipitation regime

that maximises aquifer recharge regardless of total volume [Ali et al., 2021]. Any volumetric

redistribution estimate therefore understates the true recovery because it omits the recharge

efficiency gain from delivering water in the right way: low-intensity orographic events infiltrate;

high-intensity convective spillover runs off. The terrain’s potential is not only a volume gain

but a delivery-mode shift.

3.7. Multi-Source Validation: ERA5 vs MERRA-2 vs Radiosondes

The bypass diagnostic established above relies on ERA5 surface T and Td. We assess

robustness via two independent comparisons: (i) the MERRA-2 reanalysis [Gelaro et al.,

2017], and (ii) IGRA v2 radiosonde observations [Durre et al., 2018] at three Indus-Plains-

region stations: Multan (PKM00041675; 30.20◦N, 71.43◦E, inside the analysis domain),

Lahore (PKM00041640), and Peshawar (PKM00041529).

Cross-reanalysis (MERRA-2 vs ERA5). We extracted MERRA-2 M2T1NXSLV
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hourly T2M and T2MDEW for the same domain and computed daily-maximum LCL with

identical methodology. Both reanalyses confirm the bypass: June Salt Range bypass over JJA

2015–2024 is 91.6% in ERA5 and 99.0% in MERRA-2, fully consistent with the 1980–2024

ERA5 baseline of 94.7%. However, MERRA-2 daily-maximum LCL is systematically ∼700 m

higher than ERA5 at matched 6-hourly times. To establish whether this gap is a real product

disagreement or a sampling artefact (MERRA-2 hourly vs ERA5 6-hourly), we re-extracted

MERRA-2 hourly T2M and T2MDEW for JJA 2024 and computed the gap decomposition

(Figure 4). The result: time sampling explains only 18% of the gap; the remaining 82% is a

real product bias decomposing into +1.82◦C T (MERRA-2 hotter) contributing +228 m, and

−4.01◦C Td (MERRA-2 drier) contributing +501 m. The dewpoint disagreement dominates

(∼69% of the gap), pointing to a systematic difference in how the two products represent

surface humidity over the Indus Plains.

Radiosonde validation (IGRA). We extracted surface-level T and Td from 1,641

IGRA soundings at the three stations during JJA 1980–2012 (00 and 12 UTC launches,

matching ERA5 sampling). The IGRA record terminates after 2012 at the upstream Pakistan

stations: the country’s radiosonde network has degraded substantially in the past decade

due to budget constraints, equipment ageing, and post-2010-flood infrastructure loss [Ingleby,

2017, World Meteorological Organization, 2016]; only Karachi (PKM00041780, sustained

by ICAO civil aviation requirements) continues regular launches. The validation period

1980–2012 is therefore the longest available for this region.

Table 3. ERA5 surface field bias vs IGRA v2 radiosonde observations, JJA 1980–2012 (00 and 12
UTC launches), ◦C. Bias defined as ERA5 minus IGRA at the nearest grid point and nearest available
6-hourly time step.

Station n T bias T RMSE Td bias Td RMSE
Multan 334 +1.82 3.74 −7.24 9.15
Lahore 499 −0.30 1.81 −3.27 4.45
Peshawar 808 −1.09 3.24 −7.14 9.55
All 1,641 −0.26 3.00 −5.98 8.25

ERA5 reproduces surface temperature well (mean bias −0.26◦C, RMSE 3.00◦C) but

exhibits a systematic dry bias of ∼6◦C in surface dewpoint. MERRA-2’s inferred Td bias

against IGRA is correspondingly larger (∼10◦C). Two interpretations contribute: (a) genuine

product underestimation of regional surface humidity, particularly for MERRA-2; (b) airport

siting bias, since IGRA stations sit in irrigated/peri-urban contexts more humid than the
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Figure 4. Decomposing the ∼700 m ERA5–MERRA-2 daily-max LCL gap, JJA 2024 (n = 92
days). (a) Distributions of daily-max LCL from ERA5 6-hourly, MERRA-2 sub-sampled to 6-hourly
(apples-to-apples), and MERRA-2 hourly. (b) Gap decomposition: of the +888 m total MERRA-2–
ERA5 difference, only +159 m is the time-sampling artefact (MERRA-2 hourly catches more of the
diurnal cycle than ERA5’s 4 samples/day); the remaining +729 m is a real product bias decomposing
exactly into the T-effect (+228 m from MERRA-2’s +1.82◦C T bias) and the Td-effect (+501 m from
MERRA-2’s −4.01◦C Td bias). (c) Diurnal cycle of LCL: MERRA-2 (24 hourly samples) captures
peak heating; ERA5’s 6-hourly sampling at 00/06/12/18 UTC catches the shoulder of the peak.
(d) Diurnal cycle decomposed: T cycles closely between products; Td shows the systematic MERRA-2
dry bias across all hours.
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surrounding plains that the reanalysis grid cells represent. These cannot be separated within

this comparison alone, and their relative contribution is uncertain.

The implication for the bypass diagnostic is bounded: under the most pessimistic interpre-

tation (full 6◦C upward Td correction), mean June daily-maximum LCL drops from 2,727 m

to ∼1,977 m, still above the Salt Range crest (1,520 m) on the vast majority of days. The

bypass mechanism is robust to product choice; the absolute LCL magnitudes carry ∼±750 m

product uncertainty across observation/reanalysis sources. A complementary observation: the

6◦C dewpoint elevation at Pakistan airports relative to the surrounding regional reanalysis

mean is itself empirical evidence that the vegetation/soil-moisture pathway (Levers 1A and

1B) operates at the magnitude required to substantially affect LCL, where land is locally

irrigated and vegetated, surface dewpoint rises by an amount comparable to the Scenario 1

target. The restoration scenarios in Section 3.5 should be read as conservative.

3.8. Empirical Evidence for the Mechanism: ET Deficit Over the Indus Plains

The bypass diagnostic traces the high LCL to a wide T-Td depression, attributed in turn to

a deficient surface evapotranspiration (ET) flux returning water vapor to the boundary layer.

We test this mechanism empirically using GLDAS-2.1 NOAH monthly evapotranspiration

[Rodell et al., 2004] for 2000–2024 over a wide South Asian domain encompassing both

the Indus Plains and a comparable-elevation reference: the Brahmaputra valley / NE

India approach to the Khasi–Jaintia ridge system, where the same Arabian Sea/Bay of

Bengal monsoon circulation delivers the world’s highest annual rainfall totals at Cherrapunji

(>10,000 mm yr−1).

Table 4. Mean evapotranspiration by region, GLDAS-2.1 NOAH 2000–2024 (mm day−1). Indus
Plains is the paper’s analysis domain; KPK forest is the upper-ridge forested arc; NE India is the
Brahmaputra valley reference.

Region Box (lat, lon) June August JJA mean
Indus Plains 29–32◦N, 69–73◦E 0.87 2.00 1.53
Punjab (broader) 28–32◦N, 70–76◦E 0.89 2.56 1.83
KPK forest 33–36◦N, 72–75◦E 2.39 3.22 2.86
NE India 24–27◦N, 88–93◦E 3.80 3.60 3.66

Mean June ET over the Indus Plains analysis domain is 0.87 mm day−1. Over the NE

India reference domain it is 3.80 mm day−1, a 4.4-fold higher flux returning to the boundary

layer from a comparable atmospheric supply. This is the surface-side cause of the LCL

difference noted in Section 4.2: same moisture source aloft, opposite surface state, opposite
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Figure 5. Mean June evapotranspiration over Pakistan and NE India, GLDAS-2.1 NOAH 2000–2024
(full-domain map view). Coloured boxes show the four regions summarised in Table 4: Indus Plains
(red), Punjab (orange), KPK forested arc (green), and NE India / Khasi approach (blue). The Indus
Plains box sits in the persistently low-ET core of the South Asian dry corridor; the NE India box, at
the same latitude band, sits in the persistently high-ET corridor that supplies Cherrapunji.

Figure 6. GLDAS June ET: temporal structure by region. (a) Annual June mean ET by region for
2000–2024; the Indus Plains carries the lowest June ET in the domain (∼0.87 mm day−1) with no
significant trend. (b) Seasonal cycle JJA, 25-year mean. NE India sits above the Indus Plains by
2–3 mm day−1 throughout the season, with the gap largest in June. KPK forest (Galyat–Murree) sits
between the two, demonstrating that the upper-ridge forested arc remains actively transpiring while
the lower plains are starved.
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LCL outcomes. NE India’s surface returns roughly 3 mm day−1 more water vapor than the

Indus Plains; that flux is what holds the regional dewpoint high and the LCL below ridge

crest at every stage of the orographic ladder.

The Indus Plains June ET trend over 2000–2024 is +0.13 mm day−1 decade−1 and not sta-

tistically significant (p = 0.21). The stability matches that of the bypass regime (Section 3.2);

both metrics track the structural post-deforestation equilibrium rather than transient in-

terannual variability. The KPK forest reference (2.39 mm day−1 in June) sits substantially

above the plains, evidence that the upper-ridge forested arc remains actively transpiring and

contributing the moisture that reaches Stages 4–5 of the orographic ladder while Stages 1–3

are starved at the surface.

The 4.4× NE-India-to-Indus-Plains ET ratio is the empirical quantification of the

vegetation/soil-moisture lever (Section 3.7 and Section 3.5 scenarios): the dewpoint ele-

vation required to lower June Salt Range bypass from 94.7% to a Scenario-3-comparable level

is the same magnitude that already operates at the surface 1,500 km to the east. The lever is

not hypothetical; it is observed.

3.9. Precipitation-Side Fingerprint: IMERG Mountain–Plains Gradient

The ET deficit predicts a specific precipitation-side signature: where the lower-ridge ladder

is bypassed, the limited June precipitation that does fall should concentrate at upper-ridge

elevations (where the LCL eventually crosses crest height at the Galyat–Murree stage),

and what reaches the plains should arrive as concentrated convective bursts rather than

distributed orographic rainfall (Section 3.4). We test this using NASA GPM IMERG Final

Run V07 half-hourly precipitation [Huffman et al., 2023] extracted at 21 corridor points

spanning the Indus Plains and four upstream-to-mountain corridors: ISB (Islamabad–Galyat),

BNR (Peshawar–Buner), SWT (Peshawar–Swat), and DIR (Peshawar–Dir), for June and

July–August 2005–2025.

Table 5. Mountain-vs-plains seasonal precipitation totals from IMERG, June and July–August
2005–2025 (21 years), 21 corridor points. Values are mean mm per location averaged across years and
within each elevation class. Ratio = mountains / plains.

Corridor June (2005–2025) July–August (2005–2025)
plains mtn ratio plains mtn ratio

ISB 78.3 111.6 1.43 483.8 608.1 1.26
BNR 37.7 57.5 1.53 236.6 328.1 1.39
SWT 30.5 80.2 2.63 226.0 352.1 1.56
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Figure 7. IMERG precipitation signature for Pakistan corridors, June and July–August 2005–
2025. (a) Mean half-hourly precipitation rate by corridor and elevation class. (b) Seasonal Jul–Aug
totals by location (mm per season, averaged across 21 years). (c) Half-hourly intensity distribution
at corridor plains points, log–log; heavy-tail extending past 10 mm hr−1 is the convective spillover
signature characteristic of MCS-derived precipitation, not distributed orographic. (d) Fraction of
total precipitation arriving in extreme half-hours (>10 mm hr−1) by corridor: plains 28.8% mean,
mountains 18.9% mean. Plains are 1.5× more spillover-dominated than mountains, consistent with the
bypass mechanism delivering concentrated convective episodes to the plains rather than distributed
orographic rainfall.

Two findings emerge. First, the June mountain-to-plains precipitation ratio (1.43–2.63×)

is systematically larger than the July–August ratio (1.26–1.56×) across the three corridors

where both elevation classes are sampled. In bypass terms: June precipitation is more

concentrated at the upper ridges than peak-monsoon precipitation, consistent with the

ERA5 finding that the lower ridges are aerodynamically dead on >90% of June days. As

the monsoon establishes and the LCL drops below crest at more ridges, some lower-ridge

orographic enhancement returns and the gradient flattens. The June IMERG signature is the

precipitation-side complement to the ERA5 LCL bypass diagnostic, with the SWT corridor

showing the strongest upper-ridge concentration (2.63×) and the ISB corridor the weakest

(1.43×), the same ordering as the upstream LCL gap documented in companion analyses of

the Khyber Pakhtunkhwa cloudburst mechanism.

Second, plains precipitation is 28.8% from half-hourly intensities >10 mm hr−1 averaged
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across all corridors, versus 18.9% from the same intensity threshold over the mountains

(Figure 7d). Plains precipitation is therefore 1.5× more dominated by extreme bursts than

mountain precipitation. This is the spillover signature predicted in Section 3.4: where

moisture bypasses the lower ridges, the precipitation that does reach the plains is delivered

as concentrated convective episodes triggered by upper-ridge convection, not as distributed

orographic events generated locally on the foothills. The intensity-distribution diagnostic is

independent of the absolute intensity (which IMERG’s ∼11 km pixels dilute relative to point

gauges); the heavy-tail share of plains precipitation versus mountain precipitation is a robust

qualitative metric of the spatial regime.

3.10. Substrate State: Forest Cover Across Multiple Products

The ET deficit reported above is the radiative–physiological consequence of the substrate

state. We summarise tree-cover fraction over the same four region boxes used for the GLDAS

ET analysis using three independent products that bracket the methodological space: Hansen

Global Forest Change v1.11 [Hansen et al., 2013], ESA WorldCover 2021 [Zanaga et al., 2022],

and ESA CCI Land Cover [Defourny et al., 2018]. Hansen is the canonical 30 m-resolution

global product but is known to under-count tree cover in Pakistan because its ≥30% canopy-

density threshold misses agroforestry, scattered orchards, and fragmented mountain conifer

woodlots that fall below mixed-pixel resolution. ESA WorldCover at 10 m and ESA CCI at

300 m use independent algorithms and provide the necessary cross-checks.

Table 6. Tree cover by region across three Earth-observation products. Hansen and ESA WorldCover
statistics for Indus Plains, Punjab, and KPK forest are computed from on-disk tiles; NE India is
reported only for the GLDAS ET reference. ESA CCI is shown for the Margallas–Galyat (KPK)
region with 1992–2020 trajectory; the dataset’s 300 m resolution is too coarse to resolve the recent
canopy collapse documented at fine resolution in Section 3.10.

Region Hansen 2000 Hansen 2001–2023 ESA WorldCover ESA CCI
(≥30% canopy) % loss % of baseline 2021 % 1992→2020 %

Indus Plains 0.03 1.5 , ,
Punjab 0.15 1.9 , ,
KPK forest 10.5 0.5 44.0 42.1 → 38.1

The headline numbers are unambiguous. Indus Plains tree cover at the Hansen 2000

baseline is 0.03%, three hundredths of one percent over the analysis domain. The three

Hansen-independent products have no patches inside this box at the resolutions relevant for

cross-checking, but the order of magnitude is uncontested in the regional literature. KPK
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Figure 8. Forest-cover state across multiple products. (a) ESA CCI Land Cover annual tree-cover
trajectory at the Margallas/Galyat (KPK) region 1992–2020, 300 m resolution. (b) Three-product
comparison for the KPK forest region: Hansen 2000 baseline (10.5%), ESA WorldCover 2021 (44.0%),
and ESA CCI 2020 (38.1%). Hansen is the outlier owing to its restrictive canopy-density threshold.
(c) Hansen 2000 baseline by region on log scale, the Indus Plains tree cover (0.03%) is three orders of
magnitude below the KPK forested arc. (d) Sentinel-2 dense canopy (NDVI > 0.5) annual fraction
2016–2024 at the Margallas and Galyat sites, showing a precipitous decline 2021–2022 that 300 m CCI
cannot resolve. The fine-resolution record motivates the resolution caveat: products at 250–300 m
or coarser smooth out canopy dynamics that drive the boundary-layer moisture flux relevant to the
bypass mechanism.
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forest cover is substantial across all products that resolve it (38–44%), with Hansen’s lower

10.5% baseline explained by the threshold definition. ESA CCI’s 1992–2020 trajectory at

Margallas/Galyat shows a modest 4-percentage-point loss across three decades, consistent

with the structural post-deforestation equilibrium framing rather than acute recent collapse

at the regional scale.

The CCI long-term stability and the 0.5–1.9% Hansen 2001–2023 loss fractions across the

agricultural-plains regions confirm that the ERA5 record measures the equilibrium state, not

active erosion. This matches the bypass regime stability documented in Section 3.2 and the

ET non-trend in Section 3.8: three independent diagnostics (LCL bypass, ET, forest cover)

all converge on a stationary post-deforestation regime spanning the satellite era.

Resolution Caveat: Sub-Pixel Canopy Dynamics

The convergence above masks a resolution-dependent limitation worth naming. At fine

resolution, Sentinel-2 NDVI (10 m) records dense canopy fractions at the Margallas of 52.9%

in 2021 collapsing to 0.2% in 2022 (Figure 8d) and at Galyat from 76.5% (2021) to 3.7%

(2022). Coarser products at 250–300 m (MODIS, ESA CCI) cannot resolve these events

because the disturbed canopy occupies sub-pixel fractions of mixed land-cover cells. The

ESA CCI trajectory in Figure 8a is therefore a lower bound on canopy change at the relevant

ecological scale.

For the bypass diagnostic this caveat works in only one direction: any recent canopy loss

that the coarse products miss makes the substrate state more degraded than the headline

numbers indicate, not less. The mechanism conclusions are robust to this asymmetry; the

quantitative magnitudes for KPK ET and the upper-ridge contribution to the orographic

ladder may be optimistic biases that future work using high-resolution land surface products

should refine.

3.11. Methodological Robustness

To complement the dataset cross-checks in Section 3.7, we tested the headline 94.7% June Salt

Range bypass against alternative methodological choices using the same ERA5 record. Eight

variants were computed by perturbing one assumption at a time from the published baseline

(Bolton 1980 LCL approximation, 29–32◦N / 69–73◦E domain, daily-maximum-per-cell

aggregation, 1,520 m Salt Range crest):
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Table 7. June Salt Range bypass under methodological perturbations, ERA5 1980–2024. Baseline
reproduces the published 94.7% via the daily-max-per-cell-then-spatial-mean aggregation. The Romps
(2017) LCL is the exact Lambert-W closed-form solution computed at ps = 95,000 Pa.

Variant June SR bypass (%) ∆ from baseline (pp)
Baseline (Bolton; daily-max-per-cell → spatial-mean) 94.7 0.0
Bolton, spatial-mean → daily-max (alt. aggregation) 93.6 −1.0
Romps2017 LCL (exact, vs Bolton) 95.6 +0.9
Domain wider (28–33◦N / 68–74◦E) 97.6 +2.9
Domain narrower (30–31◦N / 70–72◦E) 92.3 −2.4
Salt Range crest 1,420 m (−100 m) 96.1 +1.5
Salt Range crest 1,620 m (+100 m) 92.6 −2.1
Daily-mean LCL (not a robustness check; see text) 73.9 −20.7

Across seven physically-motivated robustness perturbations, June Salt Range bypass falls

in the range 92.3%–97.6%, a ±2.6 pp window around the 94.7% baseline. The Romps

(2017) exact closed-form, computed with the Lambert-W solution at ps = 95,000 Pa, agrees

with Bolton (1980) to within 0.9 pp, confirming the prior cross-validation cited in Section 2.2

(3 m mean bias, r = 0.9999). Domain size and ridge-crest perturbations bracket the result

symmetrically; neither moves it outside the 92–98% range. The sensitivity to the aggregation

order (−1.0 pp) reflects within-domain spatial heterogeneity of the diurnal LCL maximum

and is reported alongside the baseline as an internal robustness margin.

The single methodological choice that materially changes the bypass is daily-maximum

versus daily-mean LCL (73.9% under daily-mean, listed below the dashed line in Table 7).

This is not a robustness margin; it is a different physical question. Daily maximum captures

the state of the atmosphere at peak afternoon convective initiation, when the dewpoint

depression is widest and the LCL is highest, the causally relevant state for whether orographic

condensation can fire on a given day [Kirshbaum et al., 2018]. Daily mean dilutes this signal

across the diurnal cycle, including night-time hours when the boundary layer is decoupled

from the surface and the LCL is not the relevant trigger for moist convection. We adopt

daily-maximum throughout for this reason and report the daily-mean result only to bound

the choice’s contribution.

The headline bypass diagnostic is robust to all reasonable methodological perturbations

within the framework defined in Section 2.

4. Discussion
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4.1. Attribution: Monsoon Cycle Versus Land Surface State

Before drawing management implications, the LCL regime requires careful attribution. The

three seasonal phases (Table 1) show a 1,185 m decline in mean daily-maximum LCL from

June to August. The dominant driver of this decline is the continental-scale Arabian Sea

monsoon surge: as the low-level jet establishes in July, maritime air masses with dewpoints

4–5◦C higher than June values flood the subcontinent, lowering the LCL independently of any

local land surface change. ERA5 cannot isolate the fraction of the June–August LCL difference

attributable to land surface state versus monsoon timing: both operate simultaneously and

cannot be separated from a single reanalysis record without a counterfactual (a Pakistan

with fully intact vegetation over the same period).

What ERA5 can establish is the current state and the physical sensitivity: every degree

Celsius of T-Td compression, whatever its cause, lowers the LCL by 125 m and reduces bypass

by a predictable amount (Table 2). Vegetation-driven evapotranspiration is an established

mechanism for compressing T-Td [Spracklen et al., 2018, Bonan, 2008], and its direction of

effect on LCL is unambiguous. The scenarios are therefore framed not as “what deforestation

caused” but as “what T-Td compression would achieve”, a framing that is robust regardless

of how responsibility for the current state is apportioned between deforestation, regional

warming, and monsoon variability.

4.2. The Terrain as Boundary Condition

The standard framing of Pakistan’s water crisis treats it as a management problem, inadequate

storage, inefficient conveyance, poor governance. These are real constraints. But they are

downstream of a more fundamental constraint that management cannot address: the current

LCL prevents the terrain from doing what its geometry demands of it.

A 1,520-m ridge in a well-vegetated catchment is an active orographic stage. The same

ridge in a deforested landscape, with LCL at 2,727 m, is an obstacle to wind with no

hydrological function. The terrain itself has not changed. The atmospheric conditions above

it have. Restoring those conditions is not ecological sentimentality, it is the precondition for

realizing the terrain’s physical water-production capacity.

The clearest empirical analog is the northeastern Himalayan front. Published surface

observations and reanalysis products consistently show June T-Td over northeastern India

and Bangladesh (∼88–92◦E, 22–26◦N) averaging approximately 5–7◦C [Dimri et al., 2015],
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giving daily-mean LCL of ∼625–875 m, well below the Shillong Plateau (1,960 m) and the

Darjeeling ridges. The Arabian Sea moisture source is the same; the monsoon circulation

is the same; the ridge heights are comparable. The critical difference is the land surface

state: northeastern India and Bangladesh carry far higher forest and vegetative cover than

Pakistan’s Indus Plains, maintaining low dewpoint depressions and a low LCL throughout

the pre-monsoon season. The result is Cherrapunji, India, among the world’s highest annual

rainfall totals (>10,000 mm yr−1), sustained not by anomalous moisture supply but by a land

surface that keeps the LCL below the ridge at every stage. This contrast is the observed

evidence for the vegetation–LCL–orographic yield pathway that this paper argues is operating

in reverse over Pakistan.

4.3. Three Levers for LCL Reduction

The LCL equation (Eq. 1) identifies two controllable inputs, T and Td, which we treat as

three distinct intervention levers because dewpoint can be raised through two independent

physical pathways (vegetation transpiration and soil water retention) operating on different

timescales:

Lever 1A: Dewpoint restoration via vegetation evapotranspiration (primary).

Evapotranspiration from vegetation returns water vapor to the boundary layer, compressing

the T-Td depression. This is the dominant lever: the scenarios in Table 2 show that +4◦C

Td (Scenario 1) reduces June SR bypass from 94.7% to 76.7%; +6◦C Td crosses the 50%

activation threshold. Forest cover restoration, riparian vegetation, and agroforestry systems

all contribute. Each percentage point of additional forest cover delivers approximately +0.05–

0.10◦C of dewpoint increase [Spracklen et al., 2018], equivalent to 6–13 m of LCL reduction.

This pathway requires standing biomass, so its full effect follows the time scale of canopy

maturation (years to decades).

Lever 1B: Dewpoint restoration via soil water retention. Vegetation transpires

only what the soil holds. The Indus Plains carry 0.3–0.6% soil organic carbon (SOC) by

mass, among the most depleted agricultural soils in South Asia, the legacy of two centuries

of intensive irrigation that has stripped the colloidal organic fraction [Hudson, 1994]. Each

1% increase in SOC raises plant-available water-holding capacity by approximately 3–5%,

sustaining ET flux deeper into the pre-monsoon dry window when bypass loading is structural.

Biochar amendment, pyrolyzed biomass with high porosity and multi-decade residence time

28



Preprint Bin Shahid (2026)

[Lehmann and Joseph, 2015], raises water-holding capacity by 15–25% at typical incorporation

rates (5–10 t ha−1), with a Pakistan-specific advantage: the country’s agricultural residue

stream (∼45 Mt yr−1 of rice straw, cotton stalks, and sugarcane bagasse, much of which is

currently burned) is sufficient feedstock to amend a substantial fraction of the Punjab plains

within a decade. The soil pathway operates on a timescale of years rather than decades,

and persists through dry seasons regardless of whether canopy cover is mature, making it

complementary rather than substitutive to Lever 1A. The two pathways stack: combined

ET enhancement from intact canopy on a high-SOC substrate compresses the dewpoint

depression substantially more than either pathway alone.

Lever 2: Surface cooling (secondary). Albedo increase through white-roof programs,

reduced bare-soil exposure, and urban heat mitigation reduces TC . Each 1◦C reduction lowers

LCL by 125 m. Combined with Lever 1, surface cooling amplifies the dewpoint signal.

Lever 3: Water-deficit monitoring and 500 hPa flood watch. The LCL–ridge

bypass diagnostic is not a one-time research result but a continuously monitorable variable:

each day’s ERA5 near-real-time field gives the current ladder status and its deviation from the

terrain-potential ceiling. This enables seasonal deficit forecasting, reservoir pre-positioning,

and tracking of restoration progress via its LCL signal. Separately, the flood analyses of 2010

and 2022 (Section 3.2) implicate convective cap failure driven by anomalously warm 500 hPa

conditions, not bypass loading. Real-time monitoring of 500 hPa temperature anomalies

during July–August therefore complements the LCL diagnostic: LCL tracks the water-deficit

risk; 500 hPa tracks the flood-intensity risk. Both are operationally useful, for different

hazards.

4.4. The Cascade Multiplier: Moisture Recycling Across Five Stages

The five-ridge orographic system is not a five-stage filter applied to a fixed moisture budget.

It is a feedback cascade: each active, vegetated ridge increases the moisture available to

the next ridge by returning a fraction of its precipitation to the boundary layer through

evapotranspiration. This mechanism, the biotic moisture pump [Makarieva and Gorshkov,

2007], means that the water-production capacity of the full five-stage system exceeds the sum

of its independent parts.

The quantitative basis comes from moisture recycling analysis of South Asian systems.

Tuinenburg et al. [Tuinenburg et al., 2012] find that during the summer monsoon, 50–60% of
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precipitation within the Ganges basin is derived from water evapotranspired within the same

basin in the preceding days. This whole-basin recycling ratio documents the magnitude of

land–atmosphere moisture coupling in a well-vegetated South Asian context; the analogous

ratio for a restored Indus system would depend on the spatial configuration of vegetation

and cannot be derived from the Ganges estimate directly. What the Tuinenburg result

establishes is that moisture recycling is substantial in this climatic regime, substantial enough

that the state of the lower orographic stages materially affects the moisture available to the

upper stages, and that the deficit from bypassing Stage 1 is not merely the lost Stage 1

precipitation but also the lost boundary-layer contribution that Stage 1 ET would have

provided to Stages 2–5.

Under current conditions, Stage 1 (Salt Range) is bypassed on 94.7% of June days: it

contributes neither direct orographic precipitation nor recycled moisture to the downstream

cascade. Restoring Stage 1 to activity (Scenario 1, SR bypass 76.7%) begins to reactivate

this feedback: Stage 1 precipitation and evapotranspiration add moisture to the boundary

layer, partially self-reinforcing the LCL reduction at Stage 2. The bypass statistics capture

the first-order effect; the recycling feedback is an additional positive term whose magnitude

is a priority target for coupled land–atmosphere modeling.

4.5. Year-Round Water Budget: Beyond the Monsoon Window

The paper’s ERA5 analysis focuses on the June–August monsoon window, where the bypass

signal is strongest and the data richest. However, the LCL mechanism and its vegetation

dependence operate year-round, and the annual water balance consequences extend well

beyond the JJA season.

DJF Western Disturbances. Winter precipitation from Western Disturbances con-

tributes 30–35% of total annual precipitation at many northern Pakistan stations and deposits

primarily as snowpack on Stages 4–5 (Hindu Kush, Karakoram) [Palazzi et al., 2013, Dimri

et al., 2015]. Under current low-vegetation conditions, winter absolute LCL is lower than

summer (temperatures are lower), but the lower moisture fluxes and the cold, dry character

of WD air masses mean that condensation occurs primarily at altitude, depositing moisture

as snowpack on Stages 4–5 rather than as rain at the lower ridges. An active lower-ridge

system in winter, even partially, given the lower moisture fluxes, would capture some WD

precipitation as soil recharge at Stages 1–3, directly contributing to aquifer recovery during

30



Preprint Bin Shahid (2026)

the critical pre-monsoon low-flow window.

Pre-monsoon (March–May). This is the period of maximum aquifer depletion:

irrigation demand is high, inflow is limited to snowmelt from upper-basin accumulation,

and the lower-ridge LCL is at its annual maximum. Any vegetation-driven ET increase

during this window compresses the T-Td depression and opens the possibility of orographic

extraction from early Arabian Sea moisture incursions, currently foreclosed by the prevailing

high LCL. Conversely, the pre-monsoon is when recharging groundwater before the summer

growing season matters most, and when the conveyance-loss dominated water budget [Food

and Agriculture Organization of the United Nations, 2020b] is most exposed to upstream

deficits.

Post-monsoon (September–November). Aquifer recovery after the monsoon depends

on how water was delivered: orographic infiltration events recharge deep alluvial aquifers

over days to weeks, while convective runoff events exit the system within hours to the sea. A

bypass-dominated monsoon that delivers water as MCS spillover leaves the alluvial plains

with high runoff and low percolation, even in wet monsoon years. Post-monsoon groundwater

levels in Punjab reflect this: they have continued to decline despite increasing monsoon

rainfall totals [Hussain et al., 2022], a paradox explained by worsening precipitation intensity

rather than declining volume.

The annual water budget consequence is therefore multiplicative across seasons. Vegetation

restoration lowers LCL year-round through persistent soil moisture retention and year-round

ET, improving orographic extraction efficiency in all three precipitation windows and shifting

the Punjab water balance toward a recharge-dominated regime from its current runoff-

dominated state.

4.6. Natural Capital Framing

Pakistan’s terrain-defined water potential is a natural capital stock. The System of Environmental-

Economic Accounting (SEEA; United Nations 2021) provides a framework for valuing this

stock: the difference between the terrain’s theoretical yield and its current realized yield is a

measurable capital deficit, accruing annually. The 2022 floods alone caused USD 12 billion in

direct losses [World Bank, 2022], a single-season illustration of the cost of bypass-concentrated,

high-intensity precipitation over a landscape unable to absorb it. The recurring annual cost of

Pakistan’s unrealized terrain potential, from persistent groundwater depletion, below-capacity
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irrigation, and flood damage, is substantially larger but not yet systematically quantified.

This is not a natural disaster. It is an infrastructure deficit, the infrastructure being the

vegetated surface that controls the atmospheric valve.

4.7. The Monitoring Imperative

Because the LCL–ridge relationship varies continuously with surface vegetation state, the

bypass diagnostic is not a one-time research finding but a real-time operational variable.

Ingesting ERA5 near-real-time fields, PMD station observations, MODIS evapotranspiration

retrievals, and IMERG precipitation would enable: (1) seasonal bypass forecasts for reservoir

pre-positioning; (2) attribution of precipitation events to specific orographic stages; (3)

continuous tracking of restoration progress via its LCL signal. The terrain’s thermodynamic

state, how close Pakistan is operating to its orographic ceiling, is monitorable, and its

monitoring should be operationalized as a national hydrological intelligence function.

5. Conclusions

Pakistan’s terrain defines a five-stage orographic condensation machine whose theoretical

water yield is constrained only by Arabian Sea moisture flux and ridge geometry. The lifting

condensation level over the Indus Plains exceeds the lower three ridge crests on the vast

majority of pre-monsoon days, leaving the machine operating at only its two highest stages.

This finding is established across multiple independent datasets: the ERA5 reanalysis 1980–

2024 (94.7% June Salt Range bypass); the MERRA-2 reanalysis 2015–2024 (99.0%, agreement

within product-spread uncertainty); 1,641 IGRA v2 radiosondes that constrain ERA5 surface T

to within −0.26 ◦C of station observations; and seven independent methodological-robustness

perturbations that bracket the bypass at 92.3–97.6%. The mechanism is not a feature of one

product or one methodology.

The bypass is controlled by the surface dewpoint depression, which sets the LCL.

GLDAS evapotranspiration data records 0.87 mm day−1 in June over the Indus Plains versus

3.80 mm day−1 at comparable-elevation NE India, a 4.4-fold deficit between two regions

sharing the same monsoon supply. This is the surface-side cause of the LCL difference.

IMERG half-hourly precipitation independently documents the consequence: June precipi-

tation concentrates at upper ridges (mountain/plains ratio 1.43–2.63× versus 1.26–1.56 in

peak monsoon, 21 years), and what reaches the plains arrives as concentrated convective
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bursts (28.8% from intensities >10 mm hr−1 versus 18.9% over mountains). Hansen GFC,

ESA WorldCover, and ESA CCI Land Cover converge on <0.5% Indus Plains tree cover.

GRACE records −12.83 cm decade−1 in Punjab terrestrial water storage (p ≈ 10−97). The

mechanism is not inferred; it is observed.

Two pathways raise surface dewpoint and lower the LCL: vegetation evapotranspiration

on years-to-decades, and soil organic carbon and biochar amendment on years-to-multi-

decadal timescales. The combined effect compresses the T–Td depression, reactivates the

lower orographic ladder stages, and redistributes the same Arabian Sea moisture supply

from a small number of catastrophic convective pulses into many distributed, infiltrating,

recharge-favorable orographic events. The lever is not hypothetical: NE India’s 3 mm day−1

of surface flux operates on the same atmosphere as Pakistan’s 0.87 mm day−1, and 1,500 km

separates the two outcomes.

The constraint is not the terrain. The constraint is not the monsoon. The constraint is

the temperature–dewpoint separation between the land surface and the clouds that the land

surface should be producing.

Pakistan’s orographic ladder is not broken. It is waiting for the surface that built it.

6. Limitations and Future Work

We list the known limitations of the present analysis transparently to guide future high-

resolution and high-frequency replication.

Data coverage. The IGRA radiosonde validation terminates at 2012 at the upstream

Pakistan stations (Multan, Lahore, Peshawar) because the country’s upper-air network has

degraded substantially in the past decade [Ingleby, 2017, World Meteorological Organization,

2016]; only Karachi continues regular launches under ICAO civil-aviation requirements. Direct

point-extraction of MERRA-2 at the radiosonde sites (rather than the inferred bias used

here) would tighten the three-way ERA5/MERRA-2/IGRA comparison and is identified as

priority follow-up work. Hansen Global Forest Change tiles for the NE India reference region

(30 N, 80 E and 30 N, 90 E) were not available locally at the time of analysis and the NE India

substrate row in Table 6 is consequently empty; the GLDAS ET reference still permits the

cross-domain comparison.

Resolution. ESA CCI Land Cover at 300 m and MODIS-derived products at 250–500 m

smooth out canopy disturbance at sub-pixel fractions of mixed land-cover cells (Section 3.10).
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For long-term trajectory at the regional scale they are appropriate; for recent rapid changes

documented at finer resolution they underestimate the disturbance rate. NASA GPM

IMERG at ∼11 km dilutes true cloudburst-scale precipitation intensities; the bypass-signature

diagnostics used here measure spatial pattern (mountain/plains ratio) and intensity-fraction

(heavy-tail share), both of which are robust to this dilution, but absolute peak rates are

conservative.

Lagrangian view. A direct trajectory-based test, releasing boundary-layer parcels over

the Arabian Sea coast and integrating forward to identify those that cross the lower-ridge

crests without extraction, would provide the strongest possible empirical confirmation of

the bypass mechanism. We have not implemented this analysis here because the relevant

850 hPa wind fields for the full 1980–2024 record are not yet locally cached. Boundary-layer

parcel advection on a southwesterly trajectory from the Sindh coast over the Indus Plains,

computed against the ERA5 850 hPa wind climatology, is a clear next step.

Causal attribution. Within a single reanalysis record the bypass mechanism cannot

be cleanly separated from the joint effects of regional warming, monsoon variability, and

historical land-cover change; the counterfactual, a Pakistan with intact pre-1900 vegetation

over the satellite record, does not exist. The restoration scenarios in Section 3.5 are framed

accordingly, as physical sensitivities to T–Td compression rather than as predictions of

attributable change. A regional convection- permitting model experiment (e.g., WRF at

≤4 km) with controlled land-surface boundary conditions would close this gap and is identified

as the priority quantitative follow-up.

Higher-resolution land-atmosphere coupling. The full implementation of the soil-

water-retention pathway (Lever 1B) requires coupled land-atmosphere modelling that resolves

the SOC-to-AWC-to-ET chain at sub-seasonal time scales; the present analysis bounds the

direction and order of magnitude but not the precise magnitudes. Empirical refinement of the

SOC water-holding coefficient at Pakistan-specific soil textures, alongside in-situ flux-tower

measurement of pre-monsoon ET response to amendment trials, would substantially reduce

the uncertainty on Lever 1B’s contribution.
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Open Research

Reanalysis and observational data. ERA5 single-level fields [Hersbach et al., 2020] were

obtained via the Copernicus Climate Data Store [Copernicus Climate Change Service, 2023].

MERRA-2 hourly surface fields (M2T1NXSLV) [Gelaro et al., 2017] were retrieved from

NASA GES DISC via OPeNDAP. IGRA v2 radiosonde records [Durre et al., 2018] were

downloaded from NOAA NCEI’s public archive (https://www.ncei.noaa.gov/products/

weather-balloon/integrated-global-radiosonde-archive). GLDAS-2.1 NOAH monthly

fields [Rodell et al., 2004] were retrieved from NASA GES DISC. NASA GPM IMERG V07

half-hourly precipitation [Huffman et al., 2023] was retrieved from NASA GES DISC via

OPeNDAP. GRACE/GRACE-FO JPL MASCON RL06 v04CRI was obtained from NASA

JPL.

Land-cover products. ESA WorldCover 2021 (10 m, v200) [Zanaga et al., 2022]

was obtained from the ESA WorldCover Zenodo distribution (https://doi.org/10.5281/

zenodo.7254221). Hansen Global Forest Change v1.11 [Hansen et al., 2013] was obtained

from the GLAD (https://glad.umd.edu/dataset/global-2010-tree-cover-30-m). ESA

CCI Land Cover [Defourny et al., 2018] was obtained via the ESA Climate Change Initiative

portal.

Analysis code and derived data. The full analysis pipeline (Python scripts, de-

rived intermediate products, configuration files, and figure-generation code) is archived on

GitHub (https://github.com/R3GENESI5/pakistan-orographic-water-potential) and

mirrored on Zenodo (https://doi.org/10.5281/zenodo.20176557).
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