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Abstract

Accurate assessment of nitrous oxide (N,O) emissions from agricultural soils is essential for
developing effective mitigation strategies. However, Pakistan’s current baseline estimates
show inconsistencies. The updated Nationally Determined Contributions for 2018 report
total greenhouse gas emissions from managed soils at 74.98 Mt CO,e, while the first Biennial
Update Report (BUR 1) estimates N,O-specific emissions at 70.7 Mt COge, rising under
a business-as-usual scenario to 282.8 Mt CO;e by 2030, an increase of nearly 300%. This
study revisits these baselines using verified national datasets from Pakistan’s BUR 1 and
the National Inventory Report 2021. The 2018 baseline was recalculated using the IPCC Tier
1 methodology, with fertilizer offtake and cropped-area data from national annual reports.
Applying the updated IPCC AR6 global warming potential for N,O (273) revised the BUR 1
2018 estimate to 62.26 Mt CO,e, closely aligning with the NIR 2021 estimate of 62.4 Mt COze.
The study further disaggregates emissions by crop and source. Synthetic fertilizers were
the largest direct source of N,O emissions (14.72 Mt COe), with wheat accounting for 50%
(7.36 Mt CO,e), mainly due to its extensive cropped area. Indirect emissions represented
35% of the revised baseline. Supported by uncertainty and sensitivity analyses, this refined
baseline and its crop- and source-specific allocation provide a more reliable and transparent
foundation for targeted mitigation in Pakistan’s most emission-intensive cropping systems.
The findings also highlight the need for crop-specific fertilizer-use surveys to strengthen
Tier 1 reporting where country-specific Tier 2 emission factors are unavailable.

Keywords: nitrous oxide; baseline emissions; IPCC Tier 1; global warming potential;
synthetic fertilizers; crop-wise apportionment
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1. Introduction

Nitrous oxide (NO) is a greenhouse gas (GHG) with a global warming potential
273 times greater than that of carbon dioxide (CO;) over a 100-year horizon [1]. Since the
Industrial Revolution, N,O has contributed approximately 10% of net global warming [2]
and has become the dominant stratospheric ozone-depleting substance emitted in the 21st
century [3,4]. Although N,O emissions are part of the natural nitrogen cycle, anthropogenic
sources have driven a 40% increase over the past four decades [4]. Agricultural soils are the
primary driver of this increase, with synthetic fertilizers, animal manure, and crop residue
additions accounting for the largest share of emissions [5,6]. This trajectory is alarming and
diverges from global climate commitments.

Pakistan, unfortunately, lies at the center of this challenge. Its agriculture-based
economy employs the majority of the rural workforce and is also the country’s leading
source of GHG emissions. N,O emissions from managed soils constitute a significant and
growing component of the national GHG inventory [7]. Mitigation strategies—such as
optimizing fertilizer use, improving nitrogen use efficiency, and introducing nitrification
inhibitors—require a reliable emissions baseline [8].

Pakistan’s reporting documents to the United Nations Framework Convention on
Climate Change (UNFCCC) reveal inconsistencies in this baseline. The Updated Nationally
Determined Contributions [7] report total GHG emissions of 74.98 MtCO,e from managed
soils, whereas the First Biennial Update Report [9] provides a sector-specific figure of 70.7
MtCOze for the same year. This discrepancy reflects differences in reporting frameworks,
levels of disaggregation, and the use of outdated IPCC AR4 global warming potential (GWP)
values. Neither document provides crop-level or source-specific emission breakdowns, nor
do they reflect the revised GWP of 273 for N,O established in the IPCC Sixth Assessment
Report (AR6). Correcting this baseline is essential because an overestimated baseline
can distort mitigation targets, while the absence of crop- and source-wise disaggregation
obscures where interventions can have the greatest impact.

The present study addresses these gaps. We used officially published inventory data
and AR6 GWP values to establish a reconciled 2018 baseline for N,O emissions from
Pakistan’s agricultural soils and provide the first systematic crop- and source-specific
disaggregation of these emissions. Five major crops—wheat, rice, cotton, sugarcane, and
maize—which collectively represent more than 80% of the national cropped area and
account for the bulk of fertilizer consumption, were analyzed. The study acknowledges
limitations in the availability of credible granular data, particularly crop-specific fertilizer-
use data, and therefore relies on published region-wise fertilizer offtake and area-weighted
crop distribution for analysis and calculations. This highlights the need for a detailed
fertilizer-use survey to further refine GHG emissions reporting under the Tier 1 method
until Pakistan develops its own crop-specific Tier 2 emission factors. Nonetheless, the
current results are intended to strengthen GHG mitigation planning, support Pakistan’s
NDC commitments, and underpin initiatives such as the USDA-supported Fertilize Right
Pakistan project.

2. Materials and Methods
2.1. Data Sources

This study exclusively relies on officially published national reports. This option
was deliberate in order to ensure reproducibility and alignment with Pakistan’s UNFCCC
reporting obligations. The primary sources cover three aspects: national GHG inventory
estimates under different reporting frameworks, activity data on fertilizer consumption,
and crop area statistics for emission apportionment. Specifically, the following documents
were used:
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1.  Pakistan’s Updated NDCs (2021): Provided the total GHG estimate of managed
agricultural soil was 74.98 MtCO,e for 2018 [7].

2. First Biennial Update Report (BUR-1) (GCISC, 2021): Served as the primary source for
verified activity data and the adjusted baseline of 70.7 MtCOe (GWP-310) [9].

3. Pakistan’s Third National Communication on Climate Change (TNC): Used for cross-
verification and comparison of emission totals and categorizations [10].

4. National Fertilizer Development Centre (NFDC) Statistics: Supplied data on national
nitrogen (N), phosphate (P,0O5), and potash (K,O) fertilizer offtake for the fiscal year
2017-18 [11].

5. Pakistan Statistical Yearbook (2018) and Pakistan Economic Survey (2018): Provided
data on total cropped area for major crops [12].

Data were organized and analyzed using Microsoft Excel for Office 365 (Version 2606).

2.2. Baseline Recalculation and GWP Adjustment

The N,O baseline of 70.7 MtCO,e reported in BUR-1 was originally computed using
the IPCC AR4 GWP of 310 for N,O. In order to align Pakistan’s inventory with the most
current international standard, this value was recalculated using the AR6 GWP of 273 [13]
via a direct proportional adjustment:

Adjusted NoO Emission (MtCOye) = 70.7 MtCOze x (273/310) = 62.26 MtCOze

In order to confirm internal consistency, the resulting value of 62.26 MtCOye was then
cross-checked against the NIR 2021 reported value of 62.4 MtCOxe.

2.3. Area-Weighted Crop-Wise Disaggregation of Synthetic Fertilizer Emissions

Crop-wise disaggregation of N,O emissions is necessary because total national N,O es-
timates do not reflect the variations in nitrogen input and emission intensity across different
cropping systems. This limits the ability to develop crop-specific and effective mitigation
strategies. In this study, five major crops were evaluated: wheat, rice, cotton, sugarcane,
and maize. These crops collectively account for over 80% of Pakistan’s total cropped area
and most of the national fertilizer consumption. Data on crop-specific harvested areas
were obtained from the Pakistan Statistical Yearbook (2018) and the Pakistan Economic
Survey (2018), while national nitrogen offtake was obtained from the NFDC statistics for
2017-18 [11,12].

Emissions from synthetic fertilizers (16.73 MtCO,e as per BUR-1 with 310 GWP) were
apportioned to major crops using a two-step process:

Step 1: Calculation of National N-use Proportion: The percentage share of nitrogen in
the total NPK nutrient offtake for 2017-18 was calculated as:

% N Share = (Total N Offtake/Total NPK Offtake) x 100

With values from NFDC (N = 3434.82 Gg, NPK = 4763.36 Gg), the % N Share was
72.11%.

Step 2: Apportionment to Crops: The crop-wise N consumption was estimated by
applying the national average N application rate (148 kg N/ha, derived from NFDC and
cropped area data) to the crop-specific harvested areas for wheat, rice, maize, cotton,
and sugarcane:

Crop-wise N use = Crop Area (Mha) x 148 kg N/ha

The share of each crop’s N use in the total national N consumption was then used to
apportion the total synthetic fertilizer N,O emissions (14.72 MtCO,e). The limitation of
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this process was the lack of published crop-specific nitrogen rates from official fertilizer-use
surveys and farm surveys.

2.4. Correlation Analysis for Arithmetic Consistency

For a consistency check of the disaggregation methodology, a simple linear regression
was performed between estimated crop-wise nitrogen consumption and the correspond-
ing apportioned N,O emissions. Given that the IPCC Tier-1 approach applies a uniform
emission factor to nitrogen inputs, a linear relationship provides assurance that no compu-
tational errors were introduced in the apportionment.

2.5. Quantitative Uncertainty and Sensitivity Analysis

The uncertainty associated with the recalibrated 2018 N,O baseline was quantified
following the error propagation approach recommended in the IPCC (2006) Guidelines
(Vol. 1, Ch. 3) [14].

Utotal = \/(Ul%ert. of ftake + U%F + Uéwp) @

A sensitivity analysis was conducted by varying the N application rate by +20%
and £40% for each crop group to assess the robustness of the apportionment results, i.e.,
redistributing total N offtake proportionally to reflect realistic cropping patterns.

3. Results
3.1. Re-Estimated National N,O Baseline

The NDC (2021) provides only total GHG emissions of 74.98 MtCO,e from managed
soil, while the BUR-1 report provides N,O emissions of 70.7 MtCO,e (GWP 310), which
was derived from verified activity data and IPCC Tier 1 methodology. After adjusting this
value with the AR6 GWP, the reconciled 2018 baseline for N,O emissions from agricultural
soils is 62.26 MtCOye (Figure 1). This figure shows a strong alignment with the NIR 2021
reported value of 62.4 MtCO,e, confirming the validity of the adjusted baseline.

f Reported values for 2018 baseline \

NDC’s 2021 Reported GHG emissions ———» 74.98 MtCO2ze
BUR-1 2021 Reported N2O emissions _ 70.7 MtCOze
TNC 2025 Reported N>O emissions _— 62.4 MtCO2e

\Corrected BUR-1 2021 N2O emissions with AR6 e 62.26 MtCOze J

Figure 1. Variations in reported values for 2018 emissions baseline.

3.2. Source-Wise and Crop-Wise Apportionment

The AR6-harmonized baseline of 62.26 MtCOse consists of 40.22 MtCO,e from di-
rect emissions and 22.04 MtCO,e from indirect emissions. Quantifying indirect nitrogen
emissions from agriculture is necessary because a significant fraction of applied nitrogen
is lost through volatilization and leaching and subsequently converted into N,O at lo-
cations and times differing from the site and time of fertilizer application, making these
emissions distinct from direct soil emissions. The IPCC Guidelines require the separate esti-
mation and reporting of indirect emissions to ensure inventory completeness and to avoid
systematic underestimation of the total greenhouse gas impact of agricultural nitrogen
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management [15]. This separation also helps in developing effective mitigation strategies
by enabling targeted interventions aimed at reducing nitrogen losses along specific path-
ways [16]. Synthetic fertilizer application was the single largest source of direct emissions,

contributing 14.72 MtCOye (Figure 2).

Managed
Agriculture Soil

(62.26 Mt CO, e)

Indirect N20
emissions

(22.04 Mt CO, e)

Direct N20
emissions

(40.22 Mt CO, e)

Manure N

N atmospheric

0 . Organic N fertilizers
Synthetic fertilizer O'ggrgg'i%gafﬁin"':lazlgrs from animal oth N leaching from Soil deposition volatilization
manures I 10.95 Mt CO,e Leaching and runoff
(14.72 Mt CO, ) ( 2€) 9
(11.88 Mt CO, &) (8.77 Mt CO, ¢) (4.85 Mt CO, e) (6.65 Mt CO, e) (4.44 Mt CO, )

Figure 2. Segregation of gaseous emissions from cultivated agricultural soils.

Among the five crops analyzed, wheat dominated the synthetic fertilizer N,O footprint,
accounting for 50% of apportioned emissions (7.36 MtCO,e) based on reported cropped
area and uniform-rate scenario (Figure 3). This was followed by cotton (25%, 3.68 MtCOxe),
sugarcane (8%, 1.18 MtCOxe), rice (6%, 0.88 MtCO,e), and maize (1%, 0.15 MtCOze). Con-
firming the methodological integrity of this apportionment, a near-perfect linear relationship
(R? = 0.9999) was found between crop-wise nitrogen consumption and apportioned N,O
emissions (Figure 4), consistent with the IPCC Tier 1 framework’s application of a uniform
emission factor to nitrogen inputs. Furthermore, this relationship highlights that reductions in
nitrogen fertilizer use would yield proportional reductions in direct N,O emissions.

(14.72 MtCO,e)

Y Wweo#)

R
\oow Others crops

N 10%
(ol Sugarcane
8%

(47.54 MtCO,e)

(3°00wmge )

o
P
%
>,
<

(0.15MtCO,¢) Maize
1%  (0.88MtCOLe)

Figure 3. Total N,O emissions and apportionment from synthetic fertilizers.
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Figure 4. Consistency verification for crop-wise allocation of N-emissions.

3.3. Quantitative Uncertainty and Sensitivity Analysis

For the recalibrated 2018 N, O baseline, the input uncertainties were assigned based on
default IPCC guidance (50% for Tier 1 emission factors, 15% for national fertilizer offtake
data, and 2% for the AR6 GWP value) [14]. The combined relative uncertainty for direct
N;O emissions from synthetic fertilizers was calculated as +52% (root sum square), while
the total baseline (including indirect emissions) exhibited a combined uncertainty of +48%
(Table 1).

Table 1. Uncertainty budget for the recalibrated 2018 N,O baseline (62.26 MtCO»e).

Parameter Value Assigned Uncertainty (%) Source of Uncertainty
Total N fertilizer consumption (Gg N) 3434.8 £15% NF].DC. c?fftake data, sampling
variability
Direct N,O emission factor (EF;) 0.01 +50% IPCC (2006) default for Tier 1
g;dl)rect emission factor (volatilization, 0.01 150% IPCC (2006) default
4
Indirect emission factor (leaching, EFs) 0.0075 +50% IPCC (2006) default
GWP (AR®6) for N,O 273 +2% IPCC (2023)
Corpbmed uncertainty (direct L 1500, Root sum square
emissions)
Combined uncertainty (total baseline) — +48% Root sum square

A sensitivity analysis was conducted to test the assumption of a uniform nitrogen
application rate (148 kg N /ha) across major crops by varying the rate by £20% and +40%
for each crop while holding total national N offtake constant. The results in Table 2 demon-
strate that the ranking of crops by emission magnitude (wheat > cotton > sugarcane > rice
> maize) did not change. Wheat was responsible for the highest direct N,O emissions from
synthetic fertilizers, ranging from 4.42 to 10.30 MtCO,e depending on the rate assumption.
This stability indicates that the primary conclusion that wheat cultivation is the dominant
emission hotspot is robust to reasonable variations in crop-specific N application rates.
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Table 2. Sensitivity of crop-wise direct N,O emissions (MtCOye) to changes in assumed N applica-
tion rate.

Crop (148B1i\seline B —40% —20%  +20% +40% Ra1.11.<
g Nha1) Rate Rate Rate Rate Stability
Wheat 7.36 4.42 5.89 8.83 10.30 1st
Cotton 3.68 2.21 2.94 4.42 5.15 2nd
Sugarcane 1.18 0.71 0.94 1.42 1.65 3rd
Rice 0.88 0.53 0.70 1.06 1.23 4th
Maize 0.15 0.09 0.12 0.18 0.21 5th

4. Discussion
4.1. The Imperative for Baseline Reconciliation

Pakistan’s NDC, BUR-1, and NIR 2021 report three different estimates for agricultural
soil emissions for the same reference year. This discrepancy is more than an accounting
issue; it reflects a structural challenge in national GHG inventories, where successive
reporting cycles can introduce methodological differences faster than they are reconciled,
particularly when reports use different GWP values, sectoral boundaries, and activity
data sources. The NDC estimate of 74.98 MtCO,e aggregates gases and sectors without
N,O-specific resolution, while the BUR-1 estimate of 70.7 MtCO,e is more detailed but
based on the GWP-310 standard. Neither estimate is incorrect, but neither provides a
suitable baseline for future projections or mitigation planning. The difference underscores
the need for crop-specific reporting based on bottom-up activity data to support credible
and verifiable national inventories in line with IPCC guidance [17].

This analysis reconciles the reported values and updates the agricultural N,O baseline
to 62.26 Mt CO,e using the IPCC Sixth Assessment Report (AR6) global warming potential
(GWP) value of 273. This adjustment corrects the overestimation associated with earlier
conversion factors and aligns Pakistan’s reporting with current IPCC inventory methodolo-
gies [13]. The revised baseline provides a clearer basis for identifying priority mitigation
opportunities in managed soils and establishes a robust reference point for tracking the
impact of mitigation initiatives, including USDA-funded initiatives such as the Fertilize
Right Pakistan project.

4.2. Dominance of Wheat and Synthetic Fertilizers

The disaggregated results show that wheat accounts for approximately 50% of syn-
thetic fertilizer-related N,O emissions, exceeding the combined contributions of rice, cotton,
and sugarcane. This outsized share reflects both the scale of wheat cultivation and the long-
standing tendency toward excessive nitrogen application. With around 9 million hectares
under wheat and average application rates that often exceed crop nitrogen demand, wheat
offers the largest absolute mitigation opportunity of any single crop [18]. Cotton, although
cultivated on a smaller area, has a disproportionately high nitrogen footprint because of its
fertilizer intensity, and its 25% share of emissions also warrants targeted attention.

Although the relationship is linear and arithmetic, the strong correlation between
nitrogen use and N,O emissions (R? = 0.9999) has an important practical implication:
every kilogram of unnecessary nitrogen application directly increases emissions. Fertil-
izer management should therefore be a primary mitigation strategy, and the crop-level
apportionment clearly shows where this strategy should be applied first.

The 4Rs of Nutrient Stewardship—applying the right fertilizer source, at the right rate,
at the right time, and in the right place—provide an established framework for reducing
fertilizer-based NoO emissions across these cropping systems [19]. In Pakistan’s wheat—
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cotton system, the 4R approach offers a practical and scalable pathway to improve fertilizer
use efficiency and reduce N,O emissions. Applying the right source involves replacing
conventional urea with enhanced-efficiency fertilizers, such as nitrification inhibitors or
polymer-coated fertilizers, which can reduce direct N,O emissions by 20-50% in cereal
systems [1,20]. The right rate principle addresses blanket fertilizer application that often
exceeds crop demand by promoting site- and variety-specific rates based on soil testing and
yield targets. Applying fertilizer at the right time means avoiding periods of excessive soil
moisture and low crop demand, such as the pre-monsoon period or early sowing stages;
these practices can also reduce indirect N,O emissions through lower leaching losses [21].
Right placement methods, such as subsurface banding, dibbling, or fertigation, can improve
nitrogen uptake efficiency and reduce losses. Even a modest 20% improvement in nitrogen
use efficiency across wheat-growing districts through the 4Rs could reduce N,O emissions
by approximately 1.1 MtCOye annually, supporting Pakistan’s NDC commitments and the
objectives of the Fertilize Right Pakistan initiative.

4.3. The Significant Role of Indirect Emissions

Indirect N,O emissions amount to 22.04 MtCO»e, or 35% of the revised baseline, and
are too substantial to ignore. These emissions are mainly driven by nitrogen volatilized as
NHj; and NOx that is later deposited and nitrified or denitrified elsewhere (6.65 MtCOze
from atmospheric deposition), and by nitrogen leached as NOs~ into waterways and
groundwater (10.95 MtCOye from leaching). Together, these fluxes clearly reflect the
inefficiency of Pakistan’s agricultural nitrogen management system.

Strategies that improve nitrogen use efficiency (NUE) by reducing application rates
and better matching fertilizer supply with crop demand can address both direct and indirect
emission pathways. Controlled-release fertilizers, improved timing and placement, and
cover crops that capture residual soil nitrogen can reduce leaching and volatilization losses
across cropping systems [22]. Pakistan’s mitigation strategy should therefore address not
only direct emissions but also the larger indirect loss stream identified by the data.

4.4. Implications of Uncertainty and Robustness of Crop-Wise Apportionment

A quantitative uncertainty analysis shows that the AR6-adjusted 2018 N, O baseline
of 62.26 MtCO,e has an average relative uncertainty of approximately +48%. This level
is consistent with other national-scale Tier 1 inventories for agricultural N,O emissions.
For example, [23] reported similar uncertainty ranges (40-60%) for the UK agricultural
GHG inventory, with direct emissions contributing most to overall uncertainty. In this
analysis, the default IPCC EF; value (0.01) for fertilizer-derived N, O accounts for most of
the uncertainty. This high uncertainty reflects the inherent limitation of applying a globally
generalized Tier 1 emission factor to locally heterogeneous conditions. It also highlights
the need for Pakistan to develop country-specific Tier 2 emission factors through field
measurements across its major cropping zones [24]. Studies show that reducing uncertainty
in EF; by 50% could lower the combined uncertainty of direct emissions from £52% to
approximately +37%, substantially improving the reliability of the national inventory.

The sensitivity analysis shows that these uncertainties do not alter the central finding.
Whether crop-specific nitrogen application rates vary by £20% or +40% from the national
average, wheat remains the largest emission source among the crops analyzed, and the
ranking is unchanged. Although data limitations required the use of a uniform nitrogen
application rate, this assumption does not bias the identification of wheat as the dominant
emission source. This finding is consistent with the fact that wheat covers the largest
cropped area in Pakistan, approximately 9 million hectares, and is therefore the largest
recipient of nitrogen even when actual application rates vary by region [18]. The sensitivity
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analysis further shows that wheat would still rank first even if it received 40% less nitrogen
than the national average. Therefore, interventions focused on nitrogen management
in wheat systems are likely to deliver the highest mitigation benefits despite residual
uncertainty in crop-specific application rates.

One limitation of the uniform application-rate assumption requires attention. Sug-
arcane generally receives above-average nitrogen fertilizer rates, so its emissions may be
underestimated in this apportionment. Conversely, crops in rainfed zones typically receive
below-average inputs [25]. These biases affect absolute crop-level estimates but do not
change the overall ranking.

4.5. Limitations and Future Inventory Improvements

This analysis relies on the IPCC Tier 1 methodology and national-average data. Al-
though this approach is methodologically sound for national-scale baselines, it lacks spatial
and temporal specificity and does not distinguish between irrigated wheat systems in Pun-
jab and rainfed systems in the Pothohar region. The difference between BUR-1 and NIR 2021
estimates reflects ongoing refinements in national inventory methods. Future efforts should
focus on developing country-specific Tier 2 emission factors through field measurements,
particularly for major cropping systems such as wheat-cotton and wheat-rice rotations [2].
Integrating soil type, climate data, and management practices into the inventory would
further improve the accuracy of country-level mitigation policies. Pakistan should also
establish a formal GWP-update protocol so that future changes, such as a transition from
ARG to AR7 values, are applied consistently across all climate reporting documents.

5. Conclusions

This study systematically reevaluated and harmonized the 2018 baseline for N,O
emissions from Pakistan’s agricultural soils, establishing an updated value of 62.26 MtCO,e
based on verified inventory data and the latest IPCC AR6 GWP. Wheat cultivation accounts
for the majority of synthetic fertilizer-related N,O emissions and should therefore be
the primary target for mitigation. The 4Rs of Nutrient Stewardship provide a practical,
farmer-led framework for reducing nitrogen losses in agriculture. Indirect emissions, which
account for about one-third of the total baseline, also require greater attention in future
mitigation strategies.

Disaggregating the national aggregate enables Pakistan’s agricultural GHG account-
ing to move beyond description toward a crop- and source-specific understanding of
emissions. This analysis can help stakeholders design targeted strategies to reduce agri-
cultural N,O emissions, support Pakistan’s climate goals, and promote more sustainable
agricultural development.
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